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Abstract 
 
Synthesis  and  Characterization  of  Polyesters  from  Natural  Sources  for  
the  Protection  of  Stone  Materials 
by 
Andrea Pedna 
Stone materials outdoor exposed slowly but inevitably undergo a degradation 
process, either by natural or artificial causes. The rate of degradation has recently 
experienced an important acceleration due to natural and anthropic changes in the 
climatic conditions. It is well known that water plays a central role in the mechanisms of 
decay (through chemical and physical action), because it is involved in the transport of 
air pollutants, biodeteriogen growth, transport and crystallization of soluble salts inside 
the stone and freezing/thaw cycles. In the last decades synthetic polymers have been 
widely employed for treatment of stone materials as protective coatings, examples being 
polyacrylates, polysiloxanes and synthetic waxes. However these polymers were chosen 
among commercial products already available, that often did not meet the requirements 
for application on artifacts of historical and artistic interest (e.g. minimum alteration, 
durability and reversibility). 
Following the principles of green chemistry, in this work a new class of synthetic 
polymers derived from polylalctic acid has been developed and tested as protective 
materials for stone surfaces. By copolymerization of substituted glycolides and lactones, 
such as lactide, mandelide and salicylide, copolymers with tailor made properties were 
prepared. Most notably Tg, hydrophobicity and UV barrier properties were improved over 
conventional PLA. A high and controlled Tg, far from ambient temperature, is 
 vi 
particularly important for a polymer coating, so it never stays in the sticky-rubbery state 
and is less affected by temperature variations during outdoor exposition. The introduction 
of perfluorinated chain segments, either by functionalization with perfluoro-alcohols or 
diols, allowed to improve the hydrorepellency and durability of the coatings. Fluorine 
containing polymers showed almost no signs of degradation in the accelerated ageing 
tests, showing excellent stability to photo-oxidative deterioration and negligible color 
changes. 
Another approach to these goals was the synthesis of polylactic acid/silica 
nanocomposite coatings for the protection of building stones. These organic-inorganic 
hybrid materials showed improved hydrophobic properties, with water contact angles as 
high as 137° on stone and glass surfaces, keeping the water barrier properties and 
durability of fluorinated polylactic acid. A very simple procedure was developed for the 
synthesis of these materials, by mixing the organic and inorganic components in an 
organic solution, stirring and directly applying the solution on the surface to be protected. 
Microscopic analysis (SEM, HAADF-STEM) showed an uniform coating constituted by 
single particles and larger aggregates covered by the polymer matrix. AFM showed a 
marked increase of surface roughness, increasing the three-phases contact area between 
water, air and solid substrate, effectively preventing the penetration of water in the pores 
of the matrix. Due to the high hysteresis (about 22°) water droplets remained stuck on the 
surface instead of rolling off, an effect very similar to the natural one occurring on some 
plants (e.g. rose petals). A reversibility test was carried out by treatment of coated 
surfaces with organic solvent. The results (AFM, SEM, EDX) indicated that the coating 
was completely removed, even with the highest silica content, confirming the 
reversibility of the treatments. 
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Chapter 1:  Introduction 
POLYMERS FOR THE PROTECTION OF STONE MATERIALS 
All stone materials exposed to an outdoor environment inevitably go through a 
deterioration process, either by artificial or natural causes. Water plays a central role in 
the deterioration, because it is involved in the transport of air pollutants (e.g. CO2, SO2, 
NOx) inside stones; moreover it improves biodeteriogen growth and causes mechanical 
stress as a consequence of the crystallization of soluble salts transported by water inside 
the stone and by freezing/thaw cycles [1]. 
A polymer employed for the protection of stone material (stone protective) is a 
substance that is applied on the surface avoid degradation processes. The protective 
should form a coating that acts as a barrier against water penetration (either rain or 
condensation water) and atmospheric pollutants, however keeping the water vapor 
permeability of the stone [2]. The main properties of a protective material are: (1) 
hydrorepellency, that depends mainly on the chemical composition and structure of the 
product, and the distribution of the coating on the surface; (2) adhesion, that is the ability 
to stick to the surface and resist to mechanical stress due to atmospheric agents and 
temperature variations; (3) resistance to degradation, the material should be inert, that is 
it should have thermal and photo-oxidative stability, and does not release harmful 
substances during its degradation; (4) reversibility, the treatment should be completely 
reversible allowing to regain the starting conditions of the surface at any time, to allow 
treatment with another product or removal at the end of its service life. In addition the 
principle of “minimum alteration” should be followed, that involves mainly the optical 
properties of the treated artifact (i.e. color changes and transparency of the coating). 
Today there is no commercial product available that simultaneously meets all the 
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aforementioned requirements. Furthermore the performance of a product often vary with 
the specific application (nature of the substrate, application method, exposure conditions, 
etc.). In the following paragraphs the main products employed for the conservation of 
stone materials are descripted in details, with a special attention to the aspects regarding 
the conservation of Cultural Heritage. 
 
Paraffin wax 
Aliphatic wax hydrocarbons are obtained as a heavy fraction in the refining of oil 
or by polymerization of ethylene. They are mainly constituted by linear aliphatic 
hydrocarbons having relatively low molecular weight. They have a high resistance to 
ageing and optical properties close to those of natural resins. They are mainly employed 
as varnishes for panel or canvas paintings. Due to the low polarity, when applied on stone 
materials, they easily diffuse inside the stones [3]. 
Synthetic products with a hydrocarbon structure are widely employed in the field 
of conservation, such as microcrystalline waxes (e.g. Cosmolloid 80) and aliphatic 
varnishes (e.g. Regalrez 1094). One of the main problems when these products are 
employed for stone conservation is the rather low ability to interact with stone surface 
due to their apolar structure. This leads to a migration of the product inside the stone and 
a loss of protection efficacy when exposed to an open air. Recently an attempt to solve 
these problems was made with the synthesis of polar functionalized polyolefins 
specifically designed for stone protection [4]. Ethylene/10-undecen-1-ol (ethylene/UDO) 
and ethylene/7-methyl-1,6-octadiene (ethylene/MOD) copolymers, containing polar 
groups, were synthetized by Ziegler-Natta catalysis (Scheme 1). Ethylene/MOD 
copolymer was further functionalized by hydroesterification and hydrogenation. The final 
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products were composed by linear polyethylene chains with branching moieties 
containing hydroxy and ester groups, more compatible with inorganic substrates. The 
performance of these products was tested on selected marble and Lecce stone specimens 
with very different porosity and pore size distribution. 
Ethylene/MOD copolymer was obtained as an amorphous material and showed 
interesting film forming properties and very high water repellency. However a loss of 
protection efficacy was observed when exposed to artificial ageing, caused by photo-
degradation and oxidation reactions. 
Ethylene/UDO had a more crystalline character and its solubility was strongly 
affected by molecular weight distribution. The protective performance was higher when 
applied on the high porosity Lecce stone rather than on low porosity marble substrate. 
The product showed high stability to photo-oxidation and kept the protection efficacy 
even after 1000 h of exposure to UV radiations. 
 
 
Scheme 1. Copolymerization of ethylene with UDO (a) and MOD (b). 
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Acrylic resins 
Acrylic polymers are widely used for the formulation of protective products, due 
to their good adhesion, transparency and film forming properties. Acrylic resins are also 
used as consolidant and adhesive products. They are thermoplastic materials, obtained 
from homo- or copolymerization of esters of acrylic and methacrylic acid (Figure 1). 
Their molecular weights are in the range 30-100 kDa: the characteristics of an acrylic 
product can be quite different, according to the monomer employed (acid moiety: acrylic 
or methacrylic; ester moiety: methyl, ethyl, propyl, butyl, etc.) and the molecular weight. 
 
 
Figure 1. Structures of acrylic (a) and methacrylic (b) polymers. 
 
Polymer rigidity and “rubbery grade” change according to the acid moiety of the 
starting monomers (methacrylic are more hard and rigid than acrylic esters) and the chain 
length of the ester group. As an example, poly(methyl methacrylate) (PMMA) is hard and 
fragile, while poly(butyl methacrylate) (PBMA) is an oil at room temperature. Most of 
acrylic resins are soluble in common organic solvents, like ketones, esters, aromatic 
hydrocarbons and chlorinated solvents, and have good adhesive properties. Their glass 
transition temperature (Tg) and melting temperature (Tm) can be very different, so 
copolymers with wide range of rigidness and hardness can be obtained. These properties 
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may be modulated selecting different ratios among monomers and modifying the 
molecular weight of the polymer in order to obtain the desired Tg and Tm. 
Paraloid B-72 (a polymer among ethyl methacrylate (EMA) and methyl acrylate 
(MA) (70/30) with low amount of butyl acrylate (BA)) is a commercial product, which is 
extensively used since 1970 as a consolidant and protective agent. It offers quite good 
hydrorepellency, high transparency, hardness, partial reversibility and moderate stability 
[5]. Other commercial products, such as Primal AC33 (a copolymer between methyl 
methacrylate and ethyl acrylate (MMA and EA)), Paraloid B67 (poly(isobutyl 
methacrylate)), Elvacite 2010 (poly(methyl methacrylate) (PMMA)) were extensively 
used in the past decades [2]. 
Acrylic resins have some limits, as the other categories of protective products. 
One of the most common problems noticed with these polymers is a low penetration of 
the product inside the stone material: even in the better conditions of application (a good 
solvent and a low viscosity of the solution), a penetration deeper than 1 cm is very hard to 
be reached. Another limit observed with acrylic resins is that they act as water repellents 
only for a limited period of time. In order to obtain a long-lasting effect, acrylic polymers 
are often applied in mixture with silicon resins, or as a fluorinated acrylic polymer. 
The acrylic resins in the course of the ageing lose hydrophobicity, solubility and 
turn yellow, as a function of their exposure to atmospheric agents. In order to obtain 
protectives having a high thermal and photo-stability, a great variety of acrylic 
homopolymers and acrylic/methacrylic copolymers has been extensively investigated [5-
9]. Acrylic polymers give rise to crosslinking, while methacrylic ones are subjected to 
depolymerization. The C-H bond of the tertiary carbon in PMA can be easily 
homolitically broken generating two radicals; these radicals can react with other radicals, 
giving a new C-C bond, that is a cross-linking between two different molecules. The 
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result of this reaction is an increase of the molecular weight of the polymer with loss of 
its solubility and flexibility. These changes may cause fractures on the film protecting the 
surface and lack of reversibility. 
In the case of PMMA there are no tertiary carbon atoms in the molecule, but the 
C-CH3 bond of side chains may be broken, generating a C=C double bond. This process 
may be followed by depolymerization, decreasing the molecular weight and a partial loss 
of the polymer from the protected surface. Alternatively, if conjugated double bonds are 
formed, they may give origin to chromophoric groups that are responsible for film 
yellowing. If the polymers are employed as protective coatings for the conservation of 
monuments or ancient buildings, the limited environmental stability of acrylic polymers 
makes them inadequate, in the long term, to fulfill the requirements of water repellence, 
water vapor permeability, reversibility and negligible influence on the color of the 
substrates. 
To overcome the aforementioned limitations, blendings with inorganic oxides 
have been proposed. The blending with anatase (TiO2) nanoparticles was performed [10, 
11], in consideration of its photocatalytic activity in the oxidation of organic 
contaminants and bacteria [12]. However some problems arose because the nanoparticles 
are highly hydrophilic while polyacrylates are hydrophobic and the polymer may be 
oxidized by the catalytic activity of anatase. Also a blending of Paraloid-B72 and 
nanoparticles of calcium hydroxide [Ca(OH)2] has been suggested for the protection of 
stones or plasters [13]. 
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Silicon resins 
Silicon resins are wide class of products that are used in the conservation field 
since the sixties [14-16]. These compounds contain many Si-O bonds, possessing a high 
stability (higher than C-C, C-O and Si-Si bonds). Inorganic silicates, such as Na2SiO3 and 
K2SiO3, where firstly used as stone consolidants, but some reaction products may be 
dangerous to the stone itself (Scheme 2). 
 
 
Scheme 2. Basic hydrolysis of inorganic silicates. 
In the case of organic silicon compounds (siloxanes), silicon may form two bonds 
with oxygen atoms, while remains the possibility to form two other bonds with different 
groups (Scheme 3). The groups linked to silicon deeply affect the properties (and hence 
the performances) of the siloxanes. As an example, large substituents lead to rigid chains 
(high Tg), while silicon bonded to small groups show a low Tg. The length of the chain is 
another parameter affecting the properties of the resins. As a general rule, siloxanes with 
less than 10 silicon groups are liquid at room temperature, otherwise they are waxy and 
stiff. 
 
 
Scheme 3. Condensation polymerization of a siloxane monomer. 
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In all silicon monomers or prepolymers, the Si-O-C moieties undergo an easy 
hydrolysis when exposed to water, then the formed Si-OH groups covalently bind to 
superficial O-H groups present on the stone and polymerize, giving rise to linear or 
branched structures, depending on the number of the O-H groups present on a silicon 
atom. The rate of hydrolysis and subsequent polymerization of siloxane is strongly 
affected by the relative humidity of the environment and hence from atmospheric 
conditions. 
The alkyl-alkoxysilanes have general formula RnSi(OR’)m (n = 1, 2, m = 2, 3), the 
silicon atom is linked to alkyl and alkoxy groups. They are mainly used as monomers, in 
order to obtain an “in situ” polymerization. The alkyl-alkoxysilanes monomers show a 
low molecular weight and they can deeply penetrate even in materials having a low 
porosity. On the other hand monomers are quite volatile, so they can be removed by 
evaporation or washed away before polymerization. The rate of polymerization depends 
on the humidity present in the stone and in the atmosphere, so the process is not easily 
reproducible. Furthermore the molecular weight distribution is large and difficult to 
reproduce. 
Alkyl-alkoxysilanes prepolymers can also be employed: Si-O-C bonds may 
hydrolyze when the product is penetrated inside the stone and gives further 
polymerization. Their volatility is low, avoiding the loss of product by evaporation or 
washing before the complete polymerization. Both monomers and oligomers have good 
hydrorepellency, due to the film formation properties and water insolubility. 
Furthermore, they have good interaction with substrate. The polymers formed are not 
reversible because they are not soluble in common solvents, so they are very hard to 
remove. 
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In polysiloxanes, silicon forms two bonds with two alkyl (or aryl) groups. These 
groups may be the same or different. The polysiloxanes employed have high molecular 
weights and their structures can be linear, branched or cross-linked, containing alkyl 
and/or aryl groups giving flexibility and hydrophobicity. They keep the initial solubility 
when applied, but their penetration in a porous substrate is low, as usually happens for all 
high molecular weight polymers. These products seem to have a good protective efficacy 
towards pollutant agents like SO2 and NOx. Moreover, they have a good hydrorepellency, 
so they demonstrate a good protection even to freeze/thaw phenomena. Regarding the 
permeability to water vapor and the stability to UV radiation, the results reported in 
literature are controversial [17, 18]. 
Silanols containing at least two alcoholic groups linked to silicon may be 
employed and, after the application of the product, hydroxyl groups react with the same 
groups of other molecules, giving rise to a Si-O bond. The other bonds of silicon may be 
engaged by alkyl or aryl groups. 
Lastly, the alkoxysilanes are considered on the borderline between inorganic and 
organic products, because silicon is linked to four alkoxy groups. The most widespread 
alkoxysilane is tetraethyl orthosilicate (TEOS), that is a low molecular weight product 
having low density. The reactions involved are close to those of alkyl-alkoxysilanes, with 
hydrolysis and condensation that leads to tridimensional silicate polymer. The absence of 
alkyl groups in the structure does not give hydrorepellent properties, but it has good 
performances as consolidant. 
In recent years a new class of composite silicon material has been developed. It is 
based on organic polymers and inorganic layered reinforcement, consisting of organo-
modified silicates whose layers have a thickness of few nanometers [19, 20]. These 
systems show a large interfacial area in the range between nanosheets and polymer, with 
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better properties if compared to unmodified resins. In particular they exhibit higher 
chemical, thermal and mechanical resistance and reduced gas and vapor permeability, 
without spoiling the optical properties of the polymeric matrix. 
The addition of silica nanoparticles substantially enhances the protective 
efficiency of silicon compounds and the treated stone surface is super-hydrophobic and 
may be self-cleaning [21, 22]. In another application the addition of nanolime, that is 
nanoparticles of calcium hydroxide (nanorestore), improved the consolidating 
performances of the blending [23]. 
Polysiloxane and fluorine containing siloxane polymers have been developed and 
used for the protection of building materials [24]. The inclusion of fluorinated molecules 
reduced the already low surface energy of alkyl-siloxanes. Thanks to the greater mobility 
of the siloxane chain, fluorocarbon groups could be aligned more effectively on the 
surface of the polymer. In addition the water and oil repellence was increased by the 
presence of fluorine, enhancing also the chemical, thermal and photo-chemical stability. 
 
Epoxy resins 
Epoxy resins are low molecular weight linear polymers obtained from monomers 
or short chain polymers containing epoxy groups at both ends of the chain [2]. One of the 
most common epoxy pre-polymer is obtained from the reaction between epichlorohydrin 
and bis-phenol-A. Similar prepolymer can be obtained by substitution of one or both 
chemicals employed. The further reaction of the prepolymer with a cross-linking agent, 
usually a diamine, gives the epoxy resin (Scheme 4). 
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Scheme 4. Condensation between epichloridrin and bis-phenol-A (a) and cross-linking of 
the epoxy prepolymer to obtain the epoxy resin (b). 
 
One of the commercial epoxy resins is obtained from the diglycidyl ether of bis-
phenol-A (DGEBA). It is a viscous oligomer that can be applied together with a catalyst 
and a cross-linking agent to form the final polymer. Epoxy resins are highly resistant to 
acids, bases and organic solvents but show serious problems of color stability: usually 
these resins become yellow even when stored in the absence of light. 
Epoxy resins have been widely used and tested as adhesives for sticking glass 
object that will be stored in the museum environment. Due to the high strength and gap-
filling ability, epoxy resins were used for the consolidation and restoration of stone, even 
if they show a quite important absorption of SO2. On the contrary, they are not utilized as 
protective materials, since they do not contain hydrophobic groups. 
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Polyurethane resins 
Polyurethanes are synthesized by reacting a monomer containing at least two 
isocyanate functional groups with a molecule containing at least two hydroxyl groups [2] 
(Scheme 5). They are largely used in a number of applications, including daily home 
furniture, cars and thermal isolation. In the conservation field, polyurethanes are mainly 
employed to seal surfaces of different materials such as wood, metal, and paintings or to 
protect them from rot, corrosion, or fading. As an example, Xylamon LX Hardening N 
(Desowag) has been extensively used since 1950s for the consolidation of fragile wood. 
Commercial polyurethanes have been used for the conservation of leather, both as 
adhesives and consolidants [25, 26]. Rigid polyurethane foams using an appropriate 
isolating varnish have been used for temporary facing supports in the course of a painting 
restoration [27]. As adhesives, polyurethanes resist to moisture and heat, so their use is 
ideal in the case of objects exposed, particularly to sun and salted waters. 
 
 
Scheme 5. Synthesis of a polyurethane resin. 
 
Nevertheless, polyurethane resins are not extensively used in conservation, 
because all isocyanate monomers are highly toxic. Furthermore, polyurethane polymers 
are sensitive to thermal and photo-oxidative degradation [28]. Especially polyurethane 
foams can turn yellow and disintegrate, so it is widely used in the lifting and temporary 
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support of archaeological objects, but when a long life is required, polyurethane foams 
are substituted by polyether foams. 
Polyurethane polymeric structures with fluorinated segments in their chains 
provide a higher stone protection than perfluoropolyetheres alone. C-F bond makes the 
polymer hydrorepellent and chemically stable and, on the other side, the polarity of 
urethane bond may help to link the film on the stone substrate, reducing stone decay. 
Another advantage of these products is the possibility to perform the synthesis using a 
water emulsion. 
 
Fluorinated polymers 
In order to improve the properties of polymers used in conservation of stone 
materials, since the end of seventies, Piacenti’s group proposed the use of 
perfluoropolyethers [3]. These polymers were promising protectives from different points 
of view: they provided excellent hydrophobicity, high resistance to UV radiation, inertia 
towards the substrate and most of the pollutants present in the atmosphere. Fluorinated 
organic molecules are indeed chemically and thermally very stable, due to the high 
energy of the C-F bond and to the deactivation effect induced by the electronegative 
fluorine atoms towards the C-C bonds. 
Fluorinated elastomers have a good capacity of adhesion and cohesion, and they 
are used mainly as adhesives and binders in fillers, but some of them also have protective 
properties (an example is the commercial product known as NH). However, elastomers 
have large molecular dimensions, so they are not able to deeply penetrate inside stone 
materials, and they show good performances mainly on lithotypes having a high porosity. 
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Perfluoropolyethers on the contrary have medium or low molecular weights, 
usually between 5000 and 7000 Da, and a good penetration capacity. They are obtained 
from the photo-oxidative-polymerization of hexafluoropropylene or tetrafluoroethylene 
and they were tested and then suggested as water repellents in the field of stone 
conservation of monumental buildings (Scheme 6) [29-33]. In consideration of their 
water- and dirt-repellent properties, fluorinated products have been used primarily to 
develop waterproof coatings, but some researches has been also reported on their anti-
graffiti properties [34]. Perfluoropolyethers are extremely stable, colourless, permeable to 
oxygen, insoluble in water and most of the organic solvents. Moreover, they are liquid 
and therefore easily applicable on a solid surface. Furthermore they are not toxic, have a 
low superficial tension and a refractive index very close to that of water. Akeogard PF 
and Fomblin Y MET were commercial products largely diffused in the past years. 
Unfortunately the good preliminary results were followed by some negative 
features, particularly color changes and reduction of protective efficacy in relatively short 
times when applied on some lithotypes. Regarding color changes, it was noticed that this 
behavior is not due to a degradation of the product, but to the inclusion of dust particulate 
on the surface, leading to a darkening of the surface itself, especially on white stones. 
Concerning the reduction of protective efficacy, the lone pair of electrons on the oxygen 
atoms, are deactivated by the fluorine atoms present in the molecule, so they are not 
available for the interaction between this polymer and the stone surface. Due to the very 
weak interactions the perfluopolyethers on the surface they slowly tend to migrate inside 
the stone, that is they are absorbed by the porous structure. The mobility of the product 
inside the stone leads to a gradual loss of the coating on the surface in the course of time, 
reducing its efficacy. On some lithotypes, (e.g. sandstones) this inward diffusion is 
sufficiently slow due to the texture of calcium carbonate and the presence of clay layers, 
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ensuring a protective efficacy for a long time, while in many other cases (e.g. marble or 
tiles) this phenomena causes a rapid decrease of the surface protection and requires 
further treatments in the course of time. 
 
 
Scheme 6. Synthesis of some important families of perfluoropolyethers with commercial 
names. 
 
In order to reduce the mobility of perfluoropolyethers, some new products were 
prepared, containing polar groups able to form chemical or physical interactions with the 
substrate. Perfluoropolyetheric carboxylic acids, esters and amides were very interesting 
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products due to the possibility to transform their functional group in compounds having 
the possibility to interact with the stone support [30, 35, 36]. 
Perfluoropolyetheric amides were obtained as viscous liquid having high 
chemical stability. Their properties made them eligible as protective agents for stone 
objects of relevant historical and artistic importance, in particular for those exposed to an 
aggressive environment. The use of these functionalized perfluoropolyethers gave very 
good results in the protection of marble and other stones having low or medium porosity 
and quite good results were also obtained with high porosity materials. 
On the other hand, the application of these compounds required the use of 
chlorofluorocarbons as solvents. In the Nineties, the Montreal international protocol 
declared the CFC very dangerous for the environment and they were blamed as the main 
cause of the formation of the ozone hole. The use of these solvents was gradually banned, 
making the application of perfluoropolyethers very hard. In the literature it was proposed 
to bypass this problem using aqueous micro-emulsion of perfluoropolyether derivatives, 
but this application is not easily performed [37]. It is also known the use of dispersion or 
aqueous emulsions of fluorinated polyurethanes for treating marble stones, bricks and 
similar materials used in buildings and historical monuments [38]. They were obtained by 
polymerization of perfluoropolyethers having hydroxyl terminal groups with di-
isocyanates. 
Many other examples of fluorine containing polymers have been reported in the 
literature. Among these, partially fluorinated acrylic and methacrylic polymers are 
particularly interesting, considering their suitable Tg, solubility in many organic solvents, 
water repellence, adhesive and cohesive properties [39-41]. These polymers may be 
subdivided into polymers containing fluorine in the ester group or polymers containing 
fluorine in the main chain (Figure 2). Usually, acrylic and methacylic monomers 
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containing fluorine atoms in the ester group are commercially available, while monomers 
containing fluorine atoms in the main chain must be synthesised in laboratory through 
complex procedures. 
Acrylates containing fluorine atoms in the ester moiety are obtained by partial or 
total replacement of the methacrylate units in Paraloid-B72 (EMA/MA) with fluorinated 
methacrylates. The expected improvement of the coating properties was not reached: 
although side chain fluorination of acrylic copolymers usually improves the 
hydrophobicity of the polymer, in this case the photostability was only slightly improved. 
Presumably the fluorine atoms were too far from the weak tertiary C–H bonds to provide 
a significant stabilization effect. Furthermore in the course of the ageing the ester moiety 
containing fluorine atoms were rapidly lost. 
Polyacrylates containing fluorine atoms in the main chain, such as poly(ethyl 2-
fluoroacrylate) (PE2FA), showed a stabilizing effect of the fluorine atom on the rate of 
oxidation. Among the different partially fluorinated acrylic and methacrylic polymers, 
PE2FA showed the highest chemical stability and it was proposed as protective agents for 
stone [42, 43]. Copolymers between a methacrylic ester and a modified 
perfluoropolyether has been obtained by insertion of a perfluoropolyetheric moiety in the 
course of the polymerization. This process may be performed by Atom Transfer Radical 
Polymerization (ATRP), using a functionalized perfluoropolyether as radical initiator of 
the reaction [44]. 
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Figure 2. Some examples of fluorinated acrylates and methacrylates. 
 
In recent years a new class of fluorinated polymers, produced from natural and 
renewable sources, has been developed and its importance is rapidly growing among 
conservation materials. These new materials share the basic chemical structure of 
polylactic acid. 
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POLYLACTIC ACID 
Polylactic acid (PLA) has attracted considerable attention in the last decades due 
to its synthesis from renewable resources, controlled polymerization, good mechanical 
properties, processability and inherent biocompatibility [45]. PLA advantages over 
conventional petroleum-based plastics include: (1) production of the lactide monomer by 
fermentation of renewable agricultural feedstocks (corn) instead of gas and oil resources, 
(2) fixation of significant quantities of carbon dioxide by plants for corn production, (3) 
significant oil saving in the production process, (4) easiness of recycling back to lactide 
and lactic acid by hydrolysis or alcoholysis with formation of byproducts having a low 
toxicity, (5) biodegradability, (6) ability to tailor physical and mechanical properties 
through controlled synthesis and post-modifications [46]. 
The starting material for the production of PLA, that is lactic acid, can be 
produced from many natural sources (corn, sugar beet, or other sugar containing 
materials), by a fermentation process. Oligomers of lactic acid are produced by 
polycondensation or azeotropic distillation. In order to obtain high molecular weight 
polymers, useful for industrial applications, a Ring Opening Polymerization (ROP) 
process is performed (Scheme 7), catalyzed by Sn(II) Octoate, (Sn(II)-2-ethylhexanoate) 
(SnOct2). The monomer of the ROP process is lactide (3,6-dimethyl-1,4-dioxane-2,5-
dione), obtained by high temperature depolymerization (back-biting reaction) of lactic 
acid oligomers produced by polycondensation [47]. 
PLA can reach a maximum value of Tg = 60 °C, and Tm = 180 °C, it is 
biodegradable, it is not harmful for man and environment and it is approved by Federal 
Drug Administration. 
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Scheme 7. Mechanism of the ROP process of lactide. 
 
FUNCTIONALIZATION OF POLYLACTIC ACID 
Functionalization of polylactic acid and polylactides in general address two 
critical issues in polymer science: degradability and utility. The ability of tuning the 
physicochemical properties of the polymer (hydrophobicity, degradability, thermal 
properties, etc.) is a key point for obtaining materials suited to specific applications 
(tailor made materials). Three strategies have been developed to introduce functionalities 
into the polylactide scaffold: the traditional (TD) approach, the functional monomer (FM) 
approach and the post-polymerization modification (PPM) approach (Scheme 8). These 
routes incorporate functional groups onto the polymer backbone to enhance properties or 
act as access points for further modification. 
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Scheme 8. Different routes to PLA functionalization (FG = functional group). 
In the following paragraphs the functional monomer approach will be treated in 
details, since it is the procedure adopted in this research. 
 
Functional monomer route 
Lactide monomer is obtained by depolymerization of lactic acid oligomers, that in 
turn are obtained by fermentation of sugar extracted from corn plants. Since only a few 
other α-hydroxy acids can be isolated by fermentation, such as 2-hydroxyisocaproic acid 
[48] and β-phenyllactic acid [49], most functionalized monomers rely on the synthesis of 
unique starting materials. As shown in Scheme 9, there are two general synthetic routes 
to prepare functionalized glycolide monomers: (1) symmetric glycolides are prepared by 
synthesizing functionalized α-hydroxy acids, which are dimerized in dilute organic 
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solvents [50], and (2) asymmetric AB glycolides are prepared by a two-step condensation 
between an α-hydroxy acid and a 2-halo-alkanoyl halogenide via an α-haloester 
intermediate, as firstly reported by Schollkopf et al [51]. 
 
 
Scheme 9. General scheme of the synthesis of symmetric and asymmetric glycolides. 
 
Alkyl-substituted polyglycolides 
Alkyl-substituted polyglycolides have been synthesized by polymerization of 
cyclic dimers derived from the corresponding α-hydroxy acids, which in turn are obtained 
by enzymatic α-hydroxylation of fatty acids or by standard synthetic methods. Most 
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standard syntheses follow one of two routes (Scheme 9): reaction of Grignard reagents 
with diethyl oxalate, followed by reduction and hydrolysis of the α-ketoester, or 
hydrolysis of the cyanohydrin formed upon reaction of potassium cyanide with the 
corresponding aldehyde. Using these methods, polyglycolides with n-alkyl chains up to 
16 carbon atoms have been prepared [52]. Increasing the steric bulk of the substituents 
attached to the polymer backbone should increase the Tg, as reported for polyolefins. 
However differential scanning calorimetry (DSC) of polyglycolides showed the opposite 
trend: longer alkyl chains decreased the Tg. This behavior was probably due to the linear 
alkyl chains that decreased dipole-dipole interactions between the ester groups in the 
polymer backbone. 
If linear chains decrease the Tg, then branched alkyl chains would more 
effectively increase the Tg. Although several polyglycolides with branched chains have 
been synthesized, there were only minor structural diversities on polymer properties [52]. 
For example in poly(isopropylglycolide), a lactide analogue of polyvaline, the isopropyl 
group is directly attached to the polymer backbone, while in poly(isobutylglycolide) the 
isopropyl group is placed one carbon from the polymer chain. The Tg of 
poly(isopropylglycolide) and poly(isobutylglycolide) are respectively 50 °C and 23 °C, 
demonstrating the importance of placing the bulky group adjacent to the polymer 
backbone. The isopropyl group is more sterically demanding than the methyl group of 
lactide but the Tg was not significantly increased, thus dipole-dipole interactions were not 
effectively screened. A significant increase in the Tg was showed by 
poly(cyclohexylglycolide), with a Tg of 98 °C [53]. The steric hindrance caused by 
cyclohexyl groups was sufficient to hinder rotation of the polymer backbone and increase 
the Tg. 
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Scheme 10. Comparison between copolymerization of symmetric glycolides and 
homopolymerization of asymmetric glycolides. 
 
Asymmetric monomers provide another route to structural diversity in 
polyglycolide polymers. Polymerization of AB monomers, where two different glycolic 
acid derivatives are incorporated into one glycolide ring, is analogous to 
copolymerization (Scheme 10). However, while copolymerization gives a random 
copolymer, polymerization of asymmetrical monomers in principle gives a perfectly 
alternating copolymer. The growing chain end in an AB system discriminates between 
two different sites on the same glycolide monomer rather than between two comonomers. 
For glycolides with simple alkyl and aryl substituents, steric effects largely define the rate 
of ring opening polymerization and increasing the difference in the relative sizes of the 
two ring substituents favors alternation. Figure 3 shows some examples of alkyl-
substitued polyglycolides and their Tg, prepared from symmetric and asymmetric 
monomers by Baker et al. [52-55] and Trimaille at al. [56]. 
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Figure 3. Alkyl-substituted polyglycolides with their respective Tg. 
 
Aryl-substituted polyglycolides 
Aryl-substituted polyglycolides are promising candidates for high Tg polymers by 
analogy with polyolefins. For example, while atactic polypropylene has a Tg of -11 °C, 
polystyrene has a Tg of 109 °C. One of the simplest starting materials for the synthesis of 
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polylactides analogous to polystyrene is phenyllactide, made available by various 
biosynthetic pathways [57]. Polymers based on phenyllactide and its derivatives were 
synthesized and studied [56, 58]. Poly(phenyllactide) seemed the perfect candidate for 
high Tg polymers, considering the presence of a bulky aromatic ring and the possibility of 
π-π interactions, however the Tg of high molecular weight polymer was only 50 °C. 
Although the Tg was comparable to that of poly(isopropylglycolide), it is significantly 
higher than poly(isobutylglycolide), containing a methylene group between the bulky 
group and the polymer backbone. As expected, the steric effects of aromatic rings, as 
well as alkyl groups, decrease as they are moved farther from the polymer backbone. To 
further increase the steric bulk, methyl groups were added to the aromatic rings. (4-
methylphenyl)lactide was synthesized and polymerized to high molecular weight, 
increasing the Tg to 59 °C, an improvement over poly(phenyllactide), but still too low for 
a high Tg material. The meta and ortho derivatives were also investigated and are 
suspected to have greater effects on increasing the Tg due to higher steric demands, 
however, their syntheses were problematic, and no reliable Tg data were reported. 
Comparing the Tg of polystyrene and poly(allylbenzene), a structural analogue of 
poly(phenyllactide), suggests that using methylene groups to link the aromatic rings to 
the polymer backbone causes a 30 °C drop in Tg. Using this logic, direct attachment of 
the aromatic ring to the polyglycolide backbone should significantly increase Tg. Thus, 
mandelide, the cyclic dimer of mandelic acid should provide the appropriate structure. 
Like lactic acid, mandelic acid is a naturally occurring metabolite and in principle, 
poly(mandelide) synthesis could be a bio-based process. Early attempts to synthesize 
poly(mandelide) were hindered by impurities in the monomer employed that acted as 
initiators and limited the molecular weight. The synthesis of poly(mandelide) presented 
several challenges, most notably racemization and reduced monomer solubility, however, 
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Liu et al. was able to produce high molecular weight polymers with Tg of 100 °C [59]. 
The materials were colorless, glassy amorphous solids, similar to polystyrene. The rate of 
hydrolysis and biodegradation of the materials with respect of poly(lactide) were several 
times lower due to the increased hydrophobicity caused by the presence of phenyl rings. 
However, poly(mandelide) may not be a perfect substitute of polystyrene due to 
yellowing developed during melt processing of the polymer, most likely a result of the 
highly reactive methine protons which are in α position to both a carbonyl and a benzene 
ring. 
Figure 4 shows some examples of aryl-substitued polyglycolides and their 
respective Tgs. 
 
 
Figure 4. Aryl-substitued polyglycolides with their respective Tg. 
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Hydroxy-functionalized polyglycolides 
The synthesis of hydroxy-functionalized polyglycolides present an intrinsic 
challenge: the presence of the alcohol group in the polymer structure. Water and alcohols 
are well known initiators in the polymerization of lactide and lactone monomers, 
therefore the alcohol groups must either be introduced by post-polymerization reactions 
or via a protection/deprotection pathway. Feng and co-workers firstly introduced 
hydroxy-functionalized glycolide, 3-benzyloxymethyl-1,4-dioxane-2,5-dione (3-BMG), 
starting from 3-chloropropanediol (Scheme 11) [60]. Ring opening polymerization (ROP) 
catalyzed by Sn(ll)-2-ethylhexanoate (SnOct2) generated an amorphous polymer with a 
Tg of 34 °C. Deprotection via catalytic hydrogenation removed the pendant benzyl 
groups, resulting in a water-soluble polymer, poly(3-hydroxymethyl-1,4-dioxane-2,5-
dione) (poly(3-HMG)). The contact angle and the Tg of the polymer decreased upon 
deprotection. 
 
 
Scheme 11. Synthesis, polymerization and deprotection of 3-BMG. 
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A more versatile route to hydroxy-lactide monomers was reported by Gerhardt et 
al. [61] and later by Leemhuis et al. (Scheme 12) [62]. They obtained optically pure 
hydroxyl glycolides from optically pure O-Bn-L-serine starting material. In the synthesis 
of lactide derivatives however, rac-2-bromopropionyl bromide was used in the 
intramolecular ring closing reaction and two diastereomers were formed. The two 
diastereomers were separated by flash column chromatography and the (S,S) isomer was 
used for polymerizations. Leemhuis also compared the polymerization rates of the 
lactide- and glycolide-substitued benzyloxymethyl monomers, using ethylzinc phenolate 
and 2-propanol as the catalyst and initiator, respectively. Crystal structure analysis 
revealed that the OBn and methyl substituent in OBn-L-Ser-LD monomer are both in 
equatorial positions of the dilactone ring. Since the groups presented almost identical 
steric demands, both carbonyls were nearly equally accessible and polymerization 
yielded a random polymer. However in OBn-L-Ser-GLY, replacement of the methyl 
group with hydrogen results in a clear structural difference and preferential opening at the 
less hindered carbonyl, creating an alternating polymer. DSC analysis showed that both 
polymers were completely amorphous with Tg of 30 °C and 25 °C for poly(OBn-L-Ser-
LD) and poly(OBn-L-Ser-GLY), respectively. The protecting groups were removed from 
the two polymers via catalytic hydrogenation using Pd/C (10 %) and THF as a solvent. 
The homopolymers were completely deprotected after 24 hours and GPC showed no 
chain scission. Deprotected poly(L-Ser-LD) was completely amorphous with a Tg of 30 
°C, while poly(L-Ser-alt-Gly) was semi-crystalline with a Tg of -4 °C and a Tm of 135 °C. 
Polymer was not soluble in aqueous solution [62]. Gerhardt and co-workers obtained a 
poly(QBn-L-Ser-GLY) with molecular weight of 21 kD by ROP, using SnOct2 as the 
catalyst. The amorphous polymer had a Tg of 18 °C and was deprotected by 
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hydrogenolysis using Pd(OH)2; however molecular weight and Tg for the deprotected 
polymers were not reported [61]. 
 
 
Scheme 12. Synthesis, polymerization, and deprotection of OBn-L-Ser-GLY and OBn-L-
Ser-LD. 
 
A different approach to hydroxy-functionalized glycolides was described by 
Marcincinova et al. In their syntheses of 3-(1,2,3,4-tetraoxobutyl-diisopropylidene)-
dioxane-2,5-dione (DiPAGYL) and 3-methyl-6-(1,2,3,4-tetraoxobutyl-diisopropylidene)-
dioxane-2,5-dione (DiPALAC), monomers was composed by a glycolyl and a D-gluconyl 
unit derived from gluconic acid (Scheme 13) [63]. After selective protection of the four 
pendant hydroxy groups with 2,2-dimethoxypropane and intramolecular ring closure with 
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bromoacetyl chloride or 2-bromopropionyl chloride, monomers were isolated as white 
crystals. Ring opening polymerization of DiPAGYL led to a 20 kD brittle amorphous 
polymer with a Tg of 95 °C. All attempts to polymerize DiPALAC led to oligomers with 
molecular weights of ≈ 2 kD. Several methods to remove the isopropylidene groups were 
investigated, all under acidic conditions, but degradation of the polyester backbone was 
always obtained [64]. The best results were accomplished using iodine in methanol or 
aqueous acetic acid; however even these methods showed modest degradation, with the 
maximum deprotection of 60 %, as determined by NMR. At 60 % deprotection, a fully 
protected 32 kD polymer degraded to 5 kD (versus 27 kD theoretical value). The partially 
deprotected polymers were soluble in hydrophilic solvents such as methanol and ethanol 
and were partially soluble in water. 
 
 
Scheme 13. Synthesis, polymerization, and partial deprotection of DiPAGYL and 
DiPALAC. 
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Carboxylic acid-substitued polyglycolides 
The introduction of hydrophilic groups, such as carboxylic acids, in the 
polylactide backbone is important for biomedical and pharmaceutical applications. Since 
the hydrolysis rates of poly(α-hydroxyacids) are often low and limited by crystallinity. 
Methods to decrease crystallinity and hydrophobicity are important for in vivo 
applications, some of which require water soluble polymers. 
 
 
Scheme 14. Synthesis, polymerization, and deprotection of 3(S)-
[(benzyloxycarbonyl)methyl]-1,4-dioxane-2,5-dione. 
 
The synthesis of 3(S)-[(benzyloxycarbonyl)methyl]-1,4-dioxane-2,5-dione is 
described by Kimura and co-workers [65]. The polymerization yielded an alternating 
copolymer consisting of glycolic acid and benzyl α-(S)-malate units (Scheme 14). Ring-
opening polymerizations were run in solution or bulk, utilizing SnOct2 or Et2Zn (diethyl 
zinc) as the catalyst. Molecular weights ranged from 2 kD to 21 kD. The polymers were 
deprotected via catalytic hydrogenolysis using platinum oxide or palladium on carbon 
yielding crystalline, water-soluble polymers. Molecular weights were not reported for the 
deprotected polymers. The copolymerization with lactide yielded a random copolymer 
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that hydrolized more rapidly than polylactide thanks to the hydrophilic pendant carbonyl 
units [66]. 
L-malic acid (L-MA) or L-aspartic acid (L-AA) were used to prepare malide 
dibenzyl ester, the cyclic dimer of β-benzyl malate, by Ouchi and co-workers [67]. The 
best yields were obtained using L-MA (Scheme 15). Ring-opening polymerization was 
carried out at 220 °C using organotin compounds as catalysts. The protecting groups 
were removed by hydrogenation using palladium on carbon and EtOAc as solvent. 
 
 
Scheme 15. Synthesis of malide dibenzyl ester from L-malic acid (L-MA) or L-aspartic 
acid (L-Asp), polymerization, and deprotection. 
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Gerhardt and co-workers prepared a glutamic acid polylactide derivative, OBn-L-
Glu-LD [61]. Diazotization of glutamic acid to its corresponding α-hydroxy acid and 
reaction with (S)-2-bromopropionic acid in the presence of N,N'-
dicyclohexylcarbodiimide (DCC) and 1-hydroxybenzotriazole followed by 
intramolecular ring closure led to the functionalized monomer. Ring opening 
polymerizations were carried out in the presence of SnOct2 at 140 °C (Scheme 16). The 
highest molecular weight obtained was 3 kD. A Tg of 10 °C was reported, however this 
value may change significantly with higher molecular weight polymers. 
1
H-NMR 
revealed that deprotection by hydrogenolysis using Pd(OH)2 resulted in quantitative 
removal of the protecting groups. 
 
 
Scheme 16. Synthesis, polymerization, and deprotection of OBn-L-Glu-LD. 
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Amine-substituted glycolides 
The only example of an amine functionalized lactide monomer was reported by 
Gerhard et al., that synthesized a lactide analog of lysine, Cbz-L-Lys-LD (Scheme 17) 
[61]. Ring-opening polymerization led to an 8 kD amine protected polymer with a Tg of 
20 °C, and complete deprotection of the benzyl carbamate using HBr/AcOH caused little 
backbone degradation. Molecular weight of the polymer were not obtained due to poor 
solubility in CH2Cl2; however the GPC analysis of a 30 kD polylactide showed the same 
Mn and peak shape before and after exposure to the deprotection conditions. 
 
 
Scheme 17. Synthesis, polymerization, and deprotection of Cbz-L-Lys-LD. 
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Another route to amine containing polylactides is the ring-opening polymerization 
of morpholine-2,5-dione monomers, analogues to lactides but with an amide bond instead 
of an ester bond in one of the moiety. Such materials are particularly important for in 
vitro or in vivo applications where interactions with cell cultures are required. Barrera et 
al. synthesized poly(lactic acid-co-lysine) by copolymerization of L-LD with 3-[Nε-
(carbonylbenzoxy)-L-lysyl]-6-L-methyl-morpholine-2,5-dione at 136 °C with SnOct2 as 
catalyst (Scheme 18) [68, 69]. Up to 10.6 % of the protected lysine monomer could be 
incorporated into the copolymer structure, however under these conditions low molecular 
weights (15 kDa) and yields (20 %) were obtained. When exposed to pH 7.1 phosphate-
buffered saline solution at 37 °C, the copolymers degraded to half of their original 
molecular weight values in 5 weeks compared to 15 weeks for poly(L-lactic acid). The 
faster degradation rate was mainly due to the disruption of crystallinity by the lysine 
residues in the copolymers. 
Poly[(lactic acid)-alt-((S)-β-benzyl aspartate)] was obtained by ring-opening 
polymerization of (3S,6R,S)-3-[(benzyloxycarbonyl)methyl]-6-methylmorpholine-2,5-
dione (Cyclo[Lac-Asp(OBzl)]) in the presence of SnOct2 as catalyst at 140 °C [70]. 
Copolymers with D,L-lactide were also obtained. The protective benzyl groups were 
completely removed by Pd/C hydrogenation, obtaining polymers having a Tg of 87 °C, 
higher than the protected polymers. 
Other examples of morpholine-2,5-dione polymerization and copolymerization 
with D,L-lactide and ε-caprolactone were reported by Veld et al. [71]. 
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Scheme 18. Synthesis, polymerization and deprotection of 3-[Nε-(carbonylbenzoxy)-L-
lysyl]-6-L-methyl-morpholine-2,5-dione. 
 
PEG-grafted glycolides 
There are several reports in the literature about the introduction of  poly(ethylene 
glycol) (PEG) groups into polymer structures [72-76]. In all cases the introduction of 
PEG was able to render hydrophilic at various degrees the structures. In addition, these 
polymers often exhibited lower critical solution temperature (LCST) behavior, making 
them ideal targets in applications such as drug delivery systems, smart surfaces, and 
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bioseparations. The lower critical solution temperature (LCST) is the critical temperature 
below which the components are miscible for all compositions. At the LCST, these 
materials undergo a solution-gel transition that corresponds to the entropically driven 
expulsion of solvating water molecules from the polymer. Recent research on responsive 
LCST materials, especially those containing PEG segments, suggests that tuning the 
hydrophobic/hydrophilic balance in materials can shift the LCST over a broad 
temperature range. Lactide derivatives with 1-4 PEG segments have been synthesized and 
polymerized using SnOct2 (Scheme 19) [77]. The synthetic approach to the monomers 
entails reaction of a PEG monomethyl ether with 1,6-dibromohexane to generate the 
corresponding bromine capped PEG monomethyl ether. Reaction with magnesium 
followed by the addition of diethyl glyoxalate provides the corresponding α-keto ester. 
Catalytic hydrogenation of the α-keto-ester, followed by hydrolysis, gave the 
corresponding α-hydroxy acid, which was dimerized to the PEG-substituted glycolide. 
Since to obtain high molecular weight polymers complete removal of trace water and 
alcohol impurities prior to polymerization is required, the PEG-functionalized monomers 
were dried under vacuum at 100 °C. Polymerizations catalyzed by SnOct2 gave high 
molecular weight products: Mn = 149500, 56400, 59800 and 10600 g/mol for polymers 
containing respectively 1, 2, 3, or 4 ethylene glycol moieties per repeating unit. 
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Scheme 19. Synthesis and polymerization of a PEG-grafted glycolide. 
 
Alkenyl- and alkynyl-substitued polyglycolides 
The great possibilities introduced by post-polymerization reactions make the 
presence of double and triple bonds a valuable tool to produce functionalized structures. 
For example, pendant alkene groups could be used in cross metathesis reactions, which 
inspired the synthesis of diallylglycolide (Scheme 20) [78]. Diallylglycolide was 
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polymerized in toluene at 80 °C for 3 days using SnOct2 to give a tacky solid with a Tg of 
-10 °C. Melt polymerization was not efficient because a poor control on molecular weight 
and polydispersity index (PDI) was obtained due to the higher reaction temperature. 
Copolymerization of lactide with diallylglycolide spaced the reactive sites along the 
polymer backbone. Recently Leemhuis et al. used a similar procedure to synthesize 
allylglycolide (Scheme 21) [62]. The ring-opening polymerization produced a polymer 
with a Tg of 11 °C and the copolymerization with lactide was also accomplished. 
Epoxidation of the double bonds was quantitative and did not cause chain scission, as 
SEC chromatograms remained unchanged, and provided an increase of molecular 
interactions and Tg. However dihydroxylation of the double bonds with OsO4 proved 
unsuccessful because of a high degree of degradation of polymers was showed with high 
hydroxyl content. 
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Scheme 20. Synthesis and polymerization of diallylglycolide. 
 
Alkyne functionalized monomers provide further possibilities of post-
functionalization, as pendant acetylene groups  can be used in “click” chemistry 
reactions, specifically 1,3-dipolar cycloadditions between an alkyne and an azide. 
Propargylglycolide, an alkyne functionalized lactide, was synthesized in three steps 
beginning with a Reformansky-type reaction between propargyl bromide and diethyl 
oxalate in the presence of activated zinc, giving propargyl-lactic acid (Scheme 22) [79, 
80]. The cyclic dimer was obtained by heating in the presence of PTSA and toluene. Bulk 
polymerization of the glycolide in the presence of SnOct2 gave a polymer with a linear 
relationship between Mn and conversion, indicating a reasonably controlled 
polymerization; the polymer was amorphous with a Tg of 30 °C. Incorporation of 
propargylglycolide in a copolymer with lactide was consistent with the feed ratios and 
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13
C-NMR is consistent with evenly distributed propargylglycolide throughout the 
copolymer. The subsequent “click” functionalization of these polymers with organic 
azides provided mPEG-grafted water-soluble polyglycolides with lower LCST 
temperatures. 
 
 
Scheme 21. Synthesis, polymerization and post-functionalization of allylglycolide. 
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Scheme 22. Synthesis and polymerization of propargyl glycolide. 
 
POLYLACTIC ACID NANOCOMPOSITES 
Nanocomposites are commonly referred as particle-filled polymers for which at 
least one dimension of the dispersed particles is in the nanometric range. The blending of 
biopolymers with nanoparticles yield a new class of hybrid materials, commonly known 
as bionanocomposites, where nanoparticles are molecularly dispersed within the polymer 
matrix, usually at 1-5 % by volume. The most promising and extensively studied polymer 
in this field is polylactic acid (PLA). The great interest in PLA-based bionanocomposites 
is evidenced by the significant increase in the number of scientific publications on the 
subject in recent years [81]. 
Researchers believe that the interaction between the filler and the matrix at a 
nanoscale level is the basis for new and novel properties of nanocomposites as opposed to 
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conventional composites. Some of the properties affected by the addition of nanoparticles 
are: storage modulus, tensile strength, flexibility, breaking strain, crystallization rate, gas 
and water vapor permeability, heat distortion temperature, flammability, scratch 
resistance, rate of hydrolysis and biodegradation. In biomedicine functional nanoparticles 
have been employed to improve physical properties and change of surface characteristics 
of the matrix, such as thermal and electrical conductivity, surface roughness and 
wettability, that are important for tissue engineering and artificial bone reconstruction. 
Bionanocomposites also have potential applications as biocompatible surfaces on 
antibiotics and drug delivery systems. Moreover, improved mechanical and thermal 
properties make bionanocomposites very attractive in the automotive and construction 
industries. Recently these materials have been exploited for potential applications as new 
bionanocomposite-based packaging materials [46, 82]. 
 
Nanofillers 
Nanofillers are defined as fillers that have at least one dimension < 100 nm. 
Compared with conventional fillers, nanofillers possess properties as huge interfacial area 
per volume of particle, high density of particles per particle volume, and particle-particle 
correlation arising at low volume fraction. 
Four different types of nanofillers are available depending on their dimensions 
[81]: (1) zero-dimension nanoparticles (all dimensions < 100 nm); (2) one-dimensional 
nanofibers, such as carbon nanotubes (CNTs) (diameter < 100 nm); (3) two-dimensional 
layered silicates such as clays (thickness < 100 nm); (4) three-dimensional 
interpenetrating networks, such as polyhedral oligomeric silsesquioxanes (POSSs) (all 
dimensions < 100 nm). Researchers generally choose one of the four types as a function 
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of the application's requirements. For example, for the enhancement of mechanical and 
barrier properties two-dimensional nanofillers are preferred. On the other hand, spherical 
nanoparticles are more suitable to improve optical and electrical properties for the 
fabrication of functional nanocomposites; for improving rigidity and strength, fiber-like 
nanofillers are preferred. 
Nanofillers can be made from a wide range of materials, the most common being 
silicates, CNTs, POSSs, metals, metal-oxide ceramics, and metal no-oxide ceramics. 
Recently, other materials have been used for nanofillers such as polymers and 
semiconductors; however, the former categories are used for the majority of polymer 
nanocomposite applications. 
Bionanocomposites based on PLA and clays have attracted great interest because 
they can significantly enhance the material properties compared to neat PLA. Moreover, 
clays are naturally abundant, economical, and benign for the environment and people. 
The most commonly used nanofiller is montmorillonite (MMT), a natural phyllosilicate 
extracted from bentonite. The raw chemical formula of MMT is 
(Na,Ca)0.3(Al,Mg)2Si4O10(OH)2·nH2O. The specific surface area of MMT is 750-800 
m
2
/g and the modulus of each silicate sheet is around 200-220 GPa. The interlayer 
thickness of hydrated MMT is 1.45 nm, and the average density is 2.385 g/mL [83]. 
 
Preparation methods 
The processing techniques used for the preparation of PLA-bionanocomposites 
are reported in Figure 5. Nanolevel dispersion is the most important characteristic in 
order to obtain increased interfacial or surface area for polymer-filler interaction, 
improved cooperative phenomena among dispersed particles and a higher degree of 
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confinement effects. In the case of PLA, the primary challenge is to find the right 
chemistry to provide the best thermodynamic driving force to disperse the filler at a nano-
level. For this purpose two methods have been used. One involves the incorporation of 
functionality into the PLA matrix by grafting, copolymerization, or blending with other 
polymers. Another approach is the functionalization of nanoparticle surfaces to improve 
the compatibility with the PLA matrix. Moreover, in the case of nanoclays that have 
layered structure, ion-exchange chemistry is being used to decrease the inherent Van der 
Waals forces among silicate layers, thus improving the delamination of silicate platelets 
in the PLA matrix [84]. 
Among the preparation methods, melt-blending or melt-extrusion is considered a 
promising approach for the fabrication of PLA-based bionanocomposites because of its 
versatility, compatibility with current polymer processing equipment and environmental 
friendliness, since no solvents are used. However, a nanolevel dispersion of particles is 
essential and at the same time ensure structural integrity of the nanofillers (particularly 
for CNTs). Furthermore the processing method and rate should avoid degradation of the 
PLA matrix. 
 
Different types of PLA nanocomposites 
Polymer/layered silicate nanocomposites have been extensively reviewed by 
Sinha Ray and Okamoto [85], in both aspects of preparation and characterization. They 
concluded that these materials frequently exhibit remarkable improvements in material 
properties when compared with those of virgin polymers. Improved properties include: a 
high storage modulus both in the solid and melt states, increased tensile and flexural 
properties, decreased gas permeability, increased heat distortion temperature and 
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increased rate of biodegradability. In a complementary review, Sinha Ray and Bousmina 
[84] presented the recent developments on many biodegradable polymers 
nanocomposites. They described two types of biodegradable polymers: (1) originating 
from renewable sources like PLA, poly (3-hydroxybutyrate), thermoplastic starch (TPS), 
plant-based polymers, cellulose, gelatin, or chitosan; and (2) originating from petroleum 
sources like poly (butylene succinate), aliphatic polyesters, poly(ε-caprolactone), or poly 
(vinyl alcohol). 
 
 
Figure 5. PLA-bionanocomposites processing techniques. 
 
The preparation of PLA/layered silica nanocomposites was reported by Sinha Ray 
et al [86]. Organically modified montmorillonite (OMMT) was dispersed by melt-
extrusion technique using oligo(ε-caprolactone) (o-PCL) as compatibilizer. The 
incorporation of very small amounts of o-PCL led to a better parallel stacking of the 
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silicate layers and better flocculation due to the hydroxylated edge-edge interaction 
between silicate layers. The structure and properties of these materials were further 
investigated [87] and it was shown that they were completely biodegradable, with a 
higher rate than neat PLA.  
Chow and Lok studied the effect of maleic anhydride-grafted ethylene propylene 
rubber (EPMgMA) on the thermal properties of PLA/OMMT nanocomposites [88]. The 
addition of OMMT and EPMgMA did not have a great influence on the Tg and Tm of the 
nanocomposites. The degree of crystallinity increased slightly in the presence of OMMT, 
so it was suggested that it could act as a nucleating agent. The addition of EPMgMA may 
restrict the crystallization process and crystal formation of PLA, which reduced the 
degree of crystallinity. The thermal stability of PLA/OMMT was greatly enhanced by the 
addition of EPMgMA. 
PLA/TiO2 nanocomposites were prepared by Nakayama and Hayashi [89]. The 
surface of TiO2 nanoparticles was modified using propionic acid and n-hexylamine and 
the modified TiO2 was uniformly dispersed into PLA matrixes without aggregation. They 
studied the photodegradation under UV light and observed a promotion of 
photodegradability of nanocomposites. Luo et al. prepared TiO2 nanoparticles grafted 
with short PLA chains and successfully dispersed them into a PLA matrix at 2 % weight 
by melt mixing technique [90]. Grafted TiO2 nanoparticles had a much lower degree of 
agglomeration than bare TiO2 and the formation of a nanocomposite improved the 
crystallinity of the materials. Also the addition of nanoparticles resulted in a reduction of 
the viscosity. 
The introduction of functionalized multiwalled carbon nanotubes (f-MWCNTs) 
into PLA was investigated by Li et al. [91]. The addition of f-MWCNTs accelerated the 
crystallization of PLA and induced the formation of homogeneous and small spherulites. 
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Observation with a polarized optical microscopy showed that the average spherulite 
diameter was about 200 μm, but for nanocomposites it was difficult to differentiate the 
spherulites one by one. CNTs have a great potential for in vivo applications because they 
are compatible with living organisms and have a high inherent electrical conductivity, 
along with a huge potential for structural stability. PLA/MWCNT composites showed 
significant improvement in osteoblast proliferation and calcium production [92]. 
Another important class of bionanocomposite materials are PLA/hydroxyapatite 
(PLA/HA) [81]. The main composition of HA is tricalcium phosphate [Ca10(PO4)6(OH)2], 
and it is generally synthesized by sol-gel methods [93]. Owing to the chemical 
similarities with mineralized human bone tissue, they are the most extensively utilized 
biomaterials for tissue engineering and artificial supports of cell growth. 
Although physical properties of PLA were improved after composite formation 
with nano-HA, its mechanical properties were significantly reduced [94, 95]. To 
overcome this drawback, the nano-HA surface was modified with PLA oligomer (oligo-
HA) and blended with high molecular weight PLA [96]. Oligo-PLA acted as a 
compatibilizer between high molecular weight PLA and HA particles. A nanolevel 
dispersion of HA particles was achieved, which led to the improvement of flexural 
strength, modulus and impact strength; however this method restricted the nano-HA 
loading to 4 wt %. Nevertheless, PLA/oligo-HA bionanocomposite containing 4 wt % 
PLA-grafted nano-HA showed significant improvement in cell growth compared with 
PLA/HA biocomposite. 
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Chapter 2: Synthesis of PLA copolymers with perfluorinated chain 
segments 
INTRODUCTION 
Nowdays PLA and other biodegradable polyesters, such as polycaprolactone 
(PCL) and polyglycolide (PGL), are widely used in pharmaceutical, biomedical, and 
environmental applications [45, 97-104]. Many of these applications require specific 
material properties such as a high or low Tg, controlled crystallinity, specific degradation 
rate, and high mechanical strength that cannot be obtained from the homopolymers alone. 
Commonly employed strategies to obtain specific properties include: blending [105, 106], 
manipulation of stereochemistry [107-110], synthesis of block copolymers [111-115] and 
comb architectures [116, 117], coupling of telechelic polymers [118, 119], preparation 
and polymerization of functionalized ROP monomers [52, 53, 58, 59, 113, 116, 117, 
120]. 
The backbone of PLA is relatively flexible, resulting in Tg ranging from 30 to 60 
°C, depending on the degree of crystallinity and molecular weight of the polymer. Efforts 
to increase Tg by crosslinking led only to modest improvements [121, 122]. It is well 
known that removing the substituents and replacing them with bulky side groups, such as 
aromatic ring, increase the stiffness of the polymer chains and result in a polymer with a 
significantly higher Tg, by analogy with the structure of polystyrene. Mandelic acid (2-
hydroxyphenylacetic acid) and salicylic acid (2-hydroxybenzoic acid) are two valuable 
starting materials for the synthesis of copolymers with higher Tg. By synthetizing 
copolymers of lactic acid with mandelic acid and salicylic acid the effect should be 
analogous but a different type of linkage of phenyl groups in the polymer backbone is 
realized (Figure 6). 
 
 74 
 
Figure 6. Structure of poly(mandelide) and poly(salicylide). 
 
Probably the first attempt to the polymerization of mandelic acid has been 
reported by Okada and Okawara [123]. The trimethyltin ester of α-bromophenylacetic 
acid was pyrolyzed and the resulting viscous solid was identified as polymandelic acid. 
Other early indirect syntheses have been reported and include: direct condensation of α-
bromophenylacetic acid in the presence of triethylamine [124], transesterification of 
methyl mandelate [125], deoxypolymerization of phenylglyoxalic acid using cyclic 
phosphites [126] and ring-opening polymerization of the anhydridocarboxylate of 
mandelic acid [127]. In these early synthesis only low molecular weight polymers were 
obtained and often the Tgs of the products were not reported. Lactic acid-based 
poly(ester-urethane)s have also been synthetized, containing up to 20 mol % of mandelic 
acid in low molecular weight PLA segments [128]. Recently Liu et al. [59] successfully 
polymerized mandelide (the dimeric cyclic ester of mandelic acid) to high molecular 
weight polymers by a ring opening polymerization process. The synthesis was not 
without significant challenges but the reported Tg of the isolated material was 100 °C. 
Polymandelide shared many of the physical properties of polystyrene, but with the added 
feature of being degradable. 
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The synthesis of low molecular weight lactic acid/mandelic acid copolymers for 
biomedical applications has been reported in a serie of articles [129-134]. The whole 
compositional range of monomers, from 0 to 100 %, has been explored. Increasing the 
mandelic acid content of the copolymers increased the Tg and improved the mechanical 
resistance of casted films [134]. An interesting feature of these material is the possibility 
to tune the properties varying the monomer ratios employed in the synthesis. 
Salicylic acid is a valuable starting materials for the synthesis of polymers used in 
biomedical applications, such as drug release systems, surgical sutures and implants for 
bone fixation. The use of high molecular weight PLLA gave initially good results but its 
slow degradation rate later led to some problems, such as inflammatory reactions and 
swelling of the material implanted in the tissue [135]. The copolymerization of salicylic 
acid with lactic acid improved the properties of the material by: (1) reducing the 
crystallinity, thus increasing its degradation rate; (2) releasing compounds with anti-
inflammatory properties during degradation [136]. In other salicylate-modified polymer 
systems the drug is attached to the main polymer chain through a hydrolytically 
degradable bond, as a means of increasing the duration of the anti-inflammatory activity 
[137, 138]. 
The ROP of salicylates for the obtainment of aliphatic-aromatic polyesters was 
patented by Shalaby et al. [139] and more recently by Baker et al. [55]. The monomers 
used were either 1,4-benzodioxepin-2,5-dione or 1,4-benzodioxepin-3-methyl-2,5-dione. 
The polymers obtained showed properties very similar to aromatic polyesters (PET, 
PBT), such as thermal stability, chemical and mechanical resistance, low gas 
permeability, in combination with the higher degradability of aliphatic polyesters. 
In this work the synthesis of lactic acid/mandelic acid and lactic acid/salicylic 
acid copolymers containing perfluorinated chain segments is reported. For the synthesis 
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of functionalized PLA different approaches were used: copolymerization, use of selected 
comonomers and employment of specific chain initiators. 
 
RESULTS AND DISCUSSION 
Monomers synthesis 
The syntheses of functionalized ROP monomers 3,6-dimethyl-1,4-dioxane-2,5-
dione (mandelide, MD),  (3S)-6-methyl-3-phenyl-1,4-dioxan-2,5-dione 
(phenylmethylglycolide, PMGLY), dibenzo-1,5-dioxocin-6,12-dione (salicylide, SA) and 
1,4-benzodioxepin-3-methyl-2,5-dione (salicyl-lactide, SALD) are reported in Scheme 1. 
The acids used as starting materials (lactic acid, mandelic acid and salicylic acid) were all 
natural and commercially available products. 
Mandelide (MD) was synthetized by condensation of D,L-mandelic acid in hot 
boiling xylene solution, following a pre-existent procedure [59]. Most of the insoluble 
rac-isomer precipitated after cooling to ambient temperature. The product, isolated from 
the solution phase after solvent evaporation, was a rac/meso mixture with prevalence of 
the rac-isomer and was purified through several recrystallizations from ethyl acetate. The 
final composition was a 2:1 ratio of rac/meso isomers. 
Acetylsalicylic acid, the starting material for salicylide (SA) preparation, was 
oligomerized by heating and distillation of acetic acid, then oligomers were heated at 
high temperatures without any catalyst. A back-biting reaction took place with formation 
of SA. The product was isolated from the solid by sublimation, as reported in a previous 
protocol [136]. 
Phenylmethylglycolide (PMGLY) and salicyllactide (SALD) were prepared from 
reaction of the corresponding hydroxy acids with 1 eq. of α-Br-propionyl bromide and 
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NEt3. The resulting brominated ester was treated with NaHCO3 in a diluted organic 
solution, thus obtaining a closed ring structure. The condensation of the acyl bromide 
with the hydroxy acid had a high reaction rate and was practically quantitative. 
1
H-NMR 
of the intermediate was in agreement with the formation of a Br-hydroxy ester (Scheme 
23). The ring closure step needed to be controlled with more attention since wrong 
conditions may originate most side reactions. Various procedures were tried [52, 54, 56, 
120, 140, 141] but the best yields were obtained by slow addition of the Br-hydroxy ester 
to a diluted basic acetone solution to avoid oligomer formation, as suggested by Gerhardt 
et al. [61]. The use of a weak inorganic base, such as NaHCO3, instead of stronger 
organic amines (e.g. NEt3) also resulted in increased yields, probably due to less 
hydrolysis of the final product. Furthermore in the case of SALD synthesis, prolonged 
reaction times led to hydrolysis with consequent ring opening of the product, so shorter 
times were adopted. 
All monomers, with the exception of MD, were purified by column 
chromatography to separate them from oligomeric impurities and residual starting 
materials. Due to ring closure selectivity PMGLY and SALD products were obtained in 
the racemic form [53]. The small quantities of meso isomers were eliminated during the 
purification process. Yields were generally high, although product recovery significantly 
decreased after purification through column chromatography. This was especially evident 
for PMGLY monomer that easily gave partial hydrolysis with ring opening and formation 
of the open dimer. Hydrolysis was limited by the use of neutral premium grade silica for 
column packaging instead of acid or basic silica, but it was not possible to exclude 
completely. However column chromatography remained the best way to obtain the 
degrees of purity required for the polymerization. MD purification through column 
chromatography was avoided due to the low solubility of the rac-form and MD tendency 
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to epimerize on the methine carbons [59]. In this case purification was carried out 
through crystallization from hot boiling ethyl acetate.  
 
 
Scheme 23. Synthesis of functionalized ROP monomers mandelide (MD), salicylide 
(SA), phenylmethylglycolide (PMGLY) and salicyllactide (SALD). 
 
Polymers synthesis 
Monomers were polymerized and copolymerized with L-lactide (L-LD) at various 
molar ratios through Ring Opening Polymerization (ROP). Two types of copolymers 
were synthetized: (1) lactic acid/mandelic acid copolymers and (2) lactic acid/salicylic 
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acid copolymers (Scheme 24). Homopolymers of rac-LD, L-LD and MD were also 
synthetized. 
 
 
Scheme 24. Polymerization of ROP monomers to obtain lactic acid/mandelic acid and 
lactic acid/salicylic acid copolymers. 
Conversions of monomers were monitored by 
1
H-NMR integrating the signals of 
methine protons. Lactic acid moiety in the LD monomer gave a quartet at δ 5.06 ppm that 
shifted upfield to δ 5.20 ppm in the polymer. MD monomer showed two singlets, one for 
rac- (δ 6.60 ppm) and one for meso-form (δ 6.40 ppm), that after polymerization shifted 
downfield to a multiplet centered at δ 6.05 ppm (Figure 7). For the PMGLY monomer 
mandelic acid and lactic acid moieties gave rise respectively to a singlet at δ 5.95 ppm 
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and a quartet at δ 5.20 ppm for the methine protons. Both signals did not shift but evolved 
to broader signal in the polymer spectra. For SALD monomer lactic acid moiety showed 
a quartet at δ 4.95 ppm that shifted to a broad signal at δ 5.58 ppm in the polymer. 1H-
NMR was also used to calculate monomers insertions by comparing the integrals of the 
signals of the methine protons of the moieties in the copolymer. There were clear and 
separate resonances for each moiety so it was safe to use them to evaluate the 
composition. On the contrary high field methyl protons and low field aromatic protons 
signals from different monomers often overlapped so it was more difficult to evaluate 
single contributes. For example in the LD/MD copolymer (Figure 7) the integral of the 
signals from MD methine protons (IMD) and that of LD methine protons (ILD) were used 
in the following formula to evaluate MD content: 
 
   ( )   
   
       
      
 
      
           
 
LD content was evaluated in the same way. To calculate the degree of 
polymerization (DP) the integrals of the signals from terminal units (OH or CH groups) 
were compared with the ones of repeating units. For example for the previous product DP 
of LD was: 
 
      
    
    
         
 
The 0.5 factor takes into account the fact that one molecule of LD contains two 
repeating units. If these signals were unavailable (either because too low or overlapped 
with others) DP was calculated from Mn using monomer insertion. 
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Figure 7. 
1
H-NMR spectrum of LA/MD copolymer (run 4, Table 1). Monomers insertion 
was determined from the relative intensity of signals b and c (LD = 85.9%, 
MD = 14.1%). 
Alcohols employed as chain initiators for the ROP process were benzyl alchol or 
3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-1-octanol (PFoct). Fluorinated chain initiator 
(PFoct) was used as a meaning to further functionalize PLA structures and to synthetize 
polymers with special properties (see Chapter 3). 
 
LD/MD copolymerization 
The polymerization of MD was run in toluene solution at 120 °C for 72 h, 
employing SnOct2 as catalyst and benzyl alcohol as initiator. MD rac-isomer did not melt 
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when heated because its melting point is higher than its decomposition temperature [142]. 
Any attempt to polymerize the rac/meso mixture alone in the melt phase was 
unsuccessful. 
However we were able to copolymerize MD with L-lactide (LD) in different 
proportion without the use of a solvent. The copolymerization took place in the melted 
LD phase at 140°C using SnOct2 as catalyst. The main results of LD/MD 
copolymerization are reported in Table 1. The temperature was slightly higher than the 
melting temperature of meso-MD (137 °C) to ensure the formation of a homogeneous 
phase. The rac/meso mixture of MDs during polymerization reached the equilibrium 
composition of 2:1 mole ratio, due to the rapid interconversion between isomers at the 
stereocenters, as experienced by Liu et al. [59]. This reactivity is indipendent of the initial 
MD composition. MD had lower rate of insertion in the growing chain with respect of LD 
and the different reactivity was due to the different steric hindrance between phenyl and 
methyl substituents. The bulky phenyl groups near the carbonyl obstacles the 
coordination to the catalyst and the subsequent ring opening step, so LD was ring-opened 
preferentially. Moreover the rac-form of MD was not completely soluble in the melted 
LD. The phenyl group content of the polymers was lower than the one expected form the 
monomer pool composition. MD conversions were also generally lower than LD (from 
40% to 75%). The unreacted rac-MD, remained after polymerization, was removed by 
filtration. The presence of MD in the reaction phase caused a drop of molecular weight 
proportional to its concentration. 
 
 
 
 
 83 
Table 1. Reaction conditions and product characterization of LD/MD copolymerizations. 
Run MD/LD 
MD 
insertion 
DP DP
c
 Mn Mw PDI 
  (mol/mol) (% mol) LD MD (g/mol) (g/mol)   
1
a
 0 0 72 - 10436 14396 1.38 
2 1/15.2 2.1 169 3 24863 42165 1.71 
3 1/10.0 3.6 139 3 20640 32000 1.55 
4 1/4.3 14.1 61 8 11459 14677 1.28 
5 1/2.0 18.2 14 2 2500 4055 1.62 
6 1/1.0 25.4 5 1 1018 1465 1.44 
7
b
 - 100 - 10 2114 3510 1.66 
a 
: LD homopolymer         
b 
: MD homopolymer   
   c : calculated from Mn 
 
Thermal properties of LD/MD copolymers were investigated by DSC analysis and 
are reported in Table 2. Copolymers were homogeneous materials as they all showed 
single, well defined, glass transition temperatures (Tg). This suggest a random insertion 
of MD monomer within the polymer backbone instead of a block structure, as could be 
expected from the different reactivity among the monomers [39, 143, 144]. Tg of a 
polymer is supposed to increase with molecular weight and with the introduction of 
substituent groups in the polymer backbone that obstacle free rotation of chain segments 
(e.g. phenyl groups), increasing the stiffness of the macromolecule [145]. With higher 
MD content of the copolymers the Tg increased until the effect was balanced by the 
decrease of molecular weights. Poly(mandelic acid) (run 7, Table 2) has the highest Tg in 
spite of the low molecular weight. The degree of crystallinity (Xc) of the samples was 
calculated from ∆Hc and ∆Hm values. Products having lower degrees of crystallinity were 
obtained increasing MD content. The phenyl rings present as side chains in the 
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macromolecules were able to obstacle the formation of crystalline domains in the PLA 
structure. At higher MD insertions the products were completely amorphous and lacked 
any crystallization (Tc) or melting (Tm) temperatures. The lack of crystalline domains is 
another indication of the formation of a homogeneous material produced by a random 
copolymerization. 
 
Table 2. DSC analysis of LD/MD copolymers. 
 
Run MD insertion Tg Tc Tm Xc ∆Cp ∆Hc ∆Hm 
 
(% mol) (°C) (°C) (°C) (%) (J/g) (J/g) (J/g) 
1
a
 0 50.16 92.93 159.72 32.1 0.424 -36.625 48.369 
2 2.1 60.35 122.9 161.28 36.0 0.419 -45.486 21.892 
3 3.6 60.07 138.1 147.51 18.1 0.535 -7.311 8.631 
4 14.1 65.21 - - 0 0.461 - - 
5 18.2 58.98 - - 0 0.498 - - 
6 25.4 52.11 - - 0 0.475 - - 
7
b
 100 72.08 - - 0 0.377 - - 
a
 : LD homopolymer 
b
 : MD homopolymer 
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Figure 8. DSC scans of poly(lactide) (PLA) and poly(mandelide) (PMD) samples. PMD 
was an amorphous material and showed an increased Tg value. 
 
The weight loss and decomposition temperatures (Td) of the copolymers was 
determined by thermogravimetric analysis (TGA) (Figure 9) in heating ramp mode. TGA 
is a quantitative measurement of mass change for a material exposed to a controlled 
temperature program. It may also record the maximum temperature of decomposition. In 
the literature various studies of PLA thermal stability and decomposition in different 
conditions can be found. The weight loss of the samples was monitored against 
temperature until conversion to volatile products was complete. Instead of the single 
decomposition peak of pure PLA (MD = 0 %), copolymers (starting from 14.1 % of MD 
content) showed a second decomposition peak relative to the aromatic fraction, that 
shifted to higher temperatures as MD content increased. The weight loss started at 
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progressively lower temperatures (Tonset) and finished at higher temperatures (Toffset). This 
behavior was similar in some aspect to the one described by Mohamed et al. in a recently 
published article about the characterization of PLA/polystyrene blends [146], although 
reported Td were higher in agreement with the higher molecular weights of the polymers. 
The increased thermal stability of copolymers can be ascribed to the presence of phenyl 
groups as side chains that substitute methyl groups. It is well known that aromatic 
polymers form more stable compounds during thermal decomposition and are less prone 
to degradation with respect to aliphatic groups. Liu et al. reported a lower thermal 
stability of high molecular weight poly(mandelide) with respect of PLA [59], that was 
ascribed to the highly reactive methine protons. However the molecular weight and 
compositional range treated here is different. 
 
Table 3. TGA analysis of LD/MD copolymers. 
 
 
Run MD insertion Tonset Peak Toffset Weight loss 
 
(% mol) (°C) (°C) (°C) (%) 
1
a
 0 210.0 264.2 281.7 100 
2 2.1 264.8 264.8 288.1 100 
3 3.6 208.2 270.2 292.5 100 
4 14.1 205.5 278.5 ; 306.2 336.4 100 
5 18.2 205.0 256.3 ; 307.1 340.4 100 
6 25.4 241.3 283.1 ; 321.6 345.6 100 
a
 : LD homopolymer 
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Figure 9. TGA thermograms of LD/MD copolymers at different compositions. 
 
Figure 10. UV-VIS absorption spectra of 1 g/L solutions of LD/MD copolymers at 
different composition. 
 88 
The incorporation of phenyl rings in the PLA backbone also generated an increase 
in UV absorption. Figure 10 shows the UV absorption spectra of copolymer solutions 
with different compositions prepared at a fixed concentration. While PLA spectrum did 
not show any significant absorption, the copolymers spectra showed the appereance of 
the typical phenyl ring signal in the 250-300 nm region and no absorption in the visible 
region. 
 
PMGLY polymerization 
Phenylmethylglycolide (PMGLY) monomer was polymerized in the melt phase at 
140 °C employing SnOct2 and an alcohol as chain initiator. The main results of the 
polymerizations are reported in Table 3. As polymerization preceded 
1
H-NMR spectrum 
showed an increasing broadening of the signals of methyl, aromatic and methine 
hydrogens (Figure 11, top). The determination of monomer conversion was more difficult 
because the signals deriving from monomer and growing polymer overlapped with each 
other and were impossible to be integrated separately. In a preliminary polymerization it 
was verified that after a reaction time of 24 h monomer was not collected after 
precipitation and we assumed that the polymerization was finished. 
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Table 4. Reaction conditions and product characterization of PMGLY polymerizations. 
Run PFoct DP Mn Mw PDI Tg ∆Cp 
  (% mol)  (g/mol) (g/mol)   (°C) (J/g) 
8 0
a
 66 13540 20160 1.49 76.5 0.424 
9 0.5 63 12890 21164 1.65 75.0 0.419 
10 3.0 51 9665 11790 1.22 74.7 0.535 
11 5.0 15 3036 4405 1.45 65.2 0.461 
12 10.0 12 2435 4805 2.39 58.9 0.498 
a 
: 0.5 % mol of benzyl alchol was used 
 
The incorporation of PFoct in the macromolecule was confirmed by 
1
H-NMR. 
Figure 12 (top) shows the 
1
H-NMR spectrum of poly(PMGLY) functionalized with 
PFoct. The signals of methylene units of free PFoct (δ 4.01 ppm) were shifted to higher 
fields (δ 4.40 ppm) due to the ester linkage formation. The CH2-OH signal evolved from 
a quartet to a CH2O-Polymer multiplet. 
19
F-NMR (Figure 12 bottom) confirmed the 
presence of the perfluorinated alcohol moiety in the product (attributions of the signals 
were made on the basis of those reported in previous works [147-149]). However no 
shifts of the signals were detected after the esterification for the moieties of the alcohol 
group. The 
19
F spectra of the copolymers were undistinguishable from that of the free 
alcohol. This behavior was already evidenced in another study on the functionalization of 
PLA with fluorinated alcohols [150]. The presence in the 
13
C-NMR spectra of signals at 
66 and 73 ppm attributed to the carbons of the ester moiety may be another indication of 
the ester formation, as observed in similar conditions for PLA linked to 
perfluoropolyethers segments [148], however these signals were too low and at low 
resolution for a precise confirmation. 
 90 
 
Figure 11. 
1
H-NMR (top) and 
13
C-NMR (bottom) spectra of poly(PMGLY) (run 8, Table 
4). 
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Figure 12. 
1
H-NMR (top) and 
19
F-NMR (bottom) spectra of poly(PMGLY) 
functionalized with PFoct (run 10, Table 4). 
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The chain structure of PMGLY polymer was further investigated through 
13
C-
NMR (Figure 11, bottom). The spectrum showed a very complex pattern. Carbonyl 
groups showed multiple patterns as well as carbons bonded to methine hydrogens. Since 
PMGLY is a mixed glycolide ideally formed by dimerization of lactic and mandelic acid, 
its polymerization produced an alternate copolymer with a composition of 1:1 lactic 
acid/mandelic acid moieties. In general the polymerization of a mixed AB monomer has 
four different propagation pathways, as shown in Scheme 25 [54, 151]. Witch reaction 
dominates depends on the relative size of the substituents R1 and R2. If the size difference 
is small four reaction coexist and a random copolymer is formed. If the difference is 
sufficiently large one of the four reactions prevails, leading to an alternating (AB)n 
copolymer with some head to head defects. If the size of R1 or R2 is so large that ring 
opening is totally hindered on that site, a perfectly alternating (AB)n copolymer is 
formed. 
 
 
Scheme 25. Propagation pathways in the polymerization of an AB monomer [54]. 
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PMGLY molecule has two ROP sites with different steric hindrance. Phenyl 
group is a much larger substituent than methyl group but from the homopolymerization 
of MD it is known that mandelic acid residue is polymerizable. It is expected that 
nucleophilic attack should take place on both carbonyl groups even if with different rates 
of propagation. This leads to both head-to-head and head-to-tail type insertions. 
Moreover, because PMGLY monomer used in the polymerizations was not optically pure 
the spectra contained the information of both stereochemistry and structure of chains. 
Baker et al. showed [54] that employing rac-trimethylglycolide, a lactide monomer 
possessing only one ROP site, a perfectly alternating (AB)n copolymer was obtained but 
it still showed multiple undefined patterns in the 
13
C-NMR spectrum due to undefined 
stereochemistry of starting materials. These reasons led to a very difficult determination 
the chain structure and stereosequences from 
13
C-NMR spectra. Carbonyl and methine 
carbons exhibited multiple patterns as the result of the random polymerization and 
racemic monomers. Another possibility is the already mentioned racemization of the 
monomer and polymer chains at the methine carbons of mandelic acid repeating units 
that could occur in the polymerization conditions. This protons have increased reactivity 
due to the presence of the phenyl rings in α position and could be lost with the formation 
of radicals or ions with consequent racemization or could favor transesterification 
reactions [54, 59]. 
The random nature of the polymerization led to amorphous materials that lacked 
any crystalline domain. As observed with LD/MD copolymers with higher MD content 
(Table 2), PMGLY polymers showed only a Tg from glassy to amorphous state and no Tc 
or Tm (Table 4). Bulky side chains, as phenyl groups, greatly increase the Tg of polymers. 
For LD/MD copolymers the increase of Tg with respect of PLA was only limited due to 
the low molecular weights and limited MD insertion. PMGLY polymers had always a 
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LD/MD composition of 1:1 and in general higher molecular weights, thus the Tgs were 
higher. The products of runs 8, 9 and 10 (Table 2) with poly(MD) (run 7 Table 4) has 
been compared. Through PMGLY polymerization we were able to obtain lactic 
acid/mandelic acid copolymers with high Tg and also a convenient way to functionalize 
the structure with a perfluorinated residue. 
 
SALD polymerization 
Salicyl-lactide (SALD) monomer was polymerized in the melt phase at 140 °C 
employing a catalyst and an alcohol as chain initiator. In the initial polymerization runs 
the catalyst was SnOct2 in the presence of benzyl alcohol, however monomer conversion 
was low. Low conversions were also obtained when raising the temperature to 160 °C 
and reaction times from 24 to 72 h, when melt monomer assumed a brownish color, 
probably because of the starting of some oxidation and cracking processes. The low 
catalytic activities were probably a consequence of the high steric hindrance of the 
phenyl ring [152] and the moderate ring strain of the 7-membered lactone ring [153], that 
gave polymerization rates too low with SnOct2 catalyst. DMAP, firstly used in the 
polymerization of lactide [154] and for the polymerization of other substituted glycolides 
[56], was tested as catalyst. This compound, being an organic base, has a more 
nucleophile character, thus resulted to be more efficient in the ring opening of the low-
strained lactone ring. Bulk polymerizations were completed in only 3 hours at 140 °C. As 
initiators both benzyl alcohol and PFoct were used, as in the case of PMGLY 
polymerization. The main results of SALD polymerization are reported in Table 5. 
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Table 5. Reaction conditions and product characterization of SALD polymerizations. 
Run PFoct DP Mn Mw PDI Tg ∆Cp 
  (% mol)  (g/mol) (g/mol)   (°C) (J/g) 
13 0
a
 18 3886 6635 1.71 76.8 0.704 
14 0.5 17 3212 5429 1.55 70.3 0.871 
15 3.0 12 1819 3247 1.79 54.9 0.643 
16 5.0 9 1326 2810 2.12 45.2 0.584 
17 10.0 10 2108 2949 1.40 59.6 0.776 
a 
: 0.5 % mol of benzyl alchol was used 
 
1
H-NMR spectrum of SALD monomer showed the expected quartet of methine 
proton at δ 4.95 ppm that shifted to a multiplet at δ 5.58 ppm, allowing a simple 
calculation of monomer conversion. The shift of methylene protons of PFoct from 4.01 
ppm to 4.40 ppm was analogous to that showed by PMGLY polymerization and 
confirmed the insertion of PFoct as chain end group (Figure 14 top). 
19
F-NMR spectra of 
SALD polymer (Figure 14 bottom) showed the same signals of PFoct spectrum, 
indicating the presence of this residue in the structure. DP, calculated from end groups 
integration in the 
1
H-NMR spectra, were lower than expected and led to low values of 
molecular weight, while PDI indexes were higher than other polymerizations previously 
reported. For comparison the products of Table 5 has been compared with those reported 
in Table 4, obtained from PMGLY polymerization with the same catalyst to initiator ratio 
but with a different catalyst. The reason beyond the low molecular weights and high PDIs 
may be attributed to a high rate of transesterification. This is compatible with the use of 
DMAP catalyst, that is a higly active ROP catalyst but also a high active 
transesterification catalyst [56, 154]. In a recent application DMAP was successfully 
employed in the chain scission of PLA to obtain controlled molecular weights and end-
group formation [155]. This hypothesis is supported by the presence of some signals that 
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may be attributed to oligomers (dimers and trimers) in the 
1
H-NMR spectra of SALD 
polymers with lower catalyst to initiator ratio (Figure 14 top). The use of DMAP catalyst 
helped to increase polymerization rates, that were too low with SnOct2, but led to 
products with lower molecular weights and higher dispersity. 
The polymers were again amorphous materials. If compared with PMGLY 
polymers (Table 4) the increment of Tg with respect of PLA were higher, considering that 
molecular weights were 2 to 3 times lower. The presence of phenyl rings in the main 
polymer chains as opposite of lateral chains is a major cause of stiffness of the polymer 
structure. 
The analysis of 
13
C-NMR spectra of SALD polymers contributed to investigate 
the microstructure of polymers (Figure 13 bottom). The spectra showed well defined 
sharp signals that were clearly assigned and the type of heterogeneity reported for 
PMGLY polymerization and LD/MD copolymerization was absent. This spectrum is in 
agreement with a ring-opening mechanism as showed in Scheme 26. It was demonstrated 
that in the case of DMAP the carbonyl next of phenyl ring is too hindered for the 
nucleophile attack, so pathway 1 is almost never observed [55, 154]. The repeating units 
are always linked together through the mechanism reported in pathway 2, thus a perfectly 
alternating (AB)n copolymer is formed. This is compatible with both 
13
C-NMR, showing 
almost no heterogeneity, and the nature of the end groups revealed by 
1
H-NMR (Figure 
14 top). 
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Scheme 26. Different pathways in the SALD polymerization catalyzed by DMAP [55]. 
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Figure 13. 
1
H-NMR (top) and 
13
C-NMR (bottom) spectra of poly(SALD) (run 13, Table 
5). 
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Figure 14. 
1
H-NMR (top) and 
19
F-NMR (bottom) spectra of poly(SALD) functionalized 
with PFoct (run 17, Table 5). 
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FLK block copolymers 
As a last synthetic route the synthesis of block copolymers with Fluorolink D10-H 
(FLK) was carried out. FLK is a perfluoropolyether oligomer bearing two hydroxyl 
groups as chain ends. Each molecule of FLK oligomer is capable of initiating the 
polymerization of two polyester chains through the ROP process (Scheme 27). The 
employed monomers in the syntheses were: rac-LD, PMGLY and SALD. The main 
results of the copolymerizations are reported in Table 6. 
 
Table 6. Reaction conditions and product characterization of FLK block 
copolymerizations. 
Run Monomer FLK DP
a
 Mn Mw PDI Tg ∆Cp 
   (% w/w)  (g/mol) (g/mol)   (°C) (J/g) 
18 rac-LD 20 18 10710 13790 1.29 32.2 0.275 
19 PMGLY 20 17 11310 17180 1.51 61.5 0.407 
20 PMGLY 40 12 3166 3888 1.22 57.5 0.227 
21 SALD 20 9 1417 2520 1.78 51.1 0.237 
a 
: referred to the lactone monomer 
 
Polymerization runs were carried out in the melt phase, adding the desired amount 
of FLK initiator (20 or 40 % w/w) in the monomer mixture. Catalysts were SnOct2 for 
rac-LD and PMGLY, and DMAP for SALD. 
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Scheme 27. Synthesis of FLK block copolymers PLDA-FLK-PLDA (a), PMGLY-FLK-
PMGLY (b), SALD-FLK-SALD (c). 
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Figure 15 and Figure 16 show the NMR spectra of the block copolymers in 
CDCl3. Spectral data for PLDA-FLK-PLDA was already reported in a previous paper 
[156]. The linkage between FLK and polyester chains was detected by 
1
H-NMR. The 3.9 
ppm signal of CF2CH2-OH terminal groups of FLK oligomers shifted to 4.6 ppm with the 
formation of the ester bond. 
13
C-NMR spectra showed new signals in the region 100-130 
ppm, in addition to the ones relative to polyester chains, that were attributed to FLK 
moieties in the polymer (marked as “f” in Figure 15). 19F-NMR confirmed the formation 
of a block copolymer structure. The spectra were similar to the FLK precursor, but the 
signals of CF2-CH2-OH terminal groups at -82.4 and -84.9 ppm shifted toward lower 
fields at -77.7 and -79.7 ppm (marked as “b” and “c” in Figure 16) in the CF2-CH2-OOC-
R groups. The shift was the same when either PMGLY and SALD were used as 
monomers. Spectral data obtained was in agreement with previous reports on the 
synthesis of PLA/perfluoropolyethers copolymers [148, 156]. 
Tg of the products were not as high as PMGLY-PFoct and SALD-PFoct 
homopolymers (Table 5 and Table 6). This is expected since an important fraction of the 
material (20-40 % w/w) is constituted by amorphous, low Tg FLK oligomers with high 
chain mobility. However the increment compared to amorphous PLA was remarkable: 
the Tg of PMGLY-FLK-PMGLY (61.5 °C) was 1.9 times higher than PLDA-FLK-PLDA 
(32.2 °C) with very similar molecular weights. 
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Figure 15. 
13
C-NMR spectra of PMGLY-FLK-PMGLY (top) and SALD-FLK-SALD 
(bottom). 
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Figure 16. 
19
F-NMR spectra of PMGLY-FLK-PMGLY (top) and SALD-FLK-SALD 
(bottom). 
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CONCLUSIONS 
The synthesis of lactic acid/mandelic acid and lactic acid/salicylic acid 
copolymers with various compositions was carried out, obtaining functionalized PLA 
with the introduction of phenyl groups. These groups were introduced as lateral chains 
(mandelic acid) or were incorporated in the polymer backbone (salicylic acid). For the 
synthetic route we chose a “functional monomer” approach, implying a preliminary step 
for the synthesis of functionalized ROP monomers. The synthetized monomers were: 
mandelide (MD), phenylmethylglycolide (PMGLY), disalicylide (SA) and salicyl-lactide 
(SALD). The ROP of these monomers was performed with the use of a catalyst and an 
initiator and the products were characterized. All polymerizations, with the exception of 
MD homopolymerization, were carried out in the bulk phase. 
The most critical aspect of the entire process was the synthesis of perfectly pure 
monomers to ensure the complete control over the polymerization. Impurities and 
residues of starting materials, if present in the polymerization phase, could act as 
initiators of polymer chains or cause side reactions, such as chain scission, hydrolysis and 
transesterification. An example of these side reactions was the formation of lactic 
acid/mandelic acid mixed oligomers during PMGLY synthetic process and during 
column purification, and their separation from the product can be challenging. In this 
respect PMGLY and SALD monomers were better starting materials because the 
purification through column chromatography was affordable. MD monomer, due to its 
insolubility in most solvents, was purified through recrystallization. Moreover the lack of 
a melting point (it decomposes before melting at atmospheric pressure), caused 
incomplete conversions in the copolymerization with LD, although a certain degree of 
control was obtained. PMGLY did not present these inconvenients and was easily 
polymerized in the bulk phase with SnOct2 catalyst. A perfluorinated alcoholic initiator 
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(PFoct) was used and led to a lactic acid/mandelic acid 1:1 copolymer with a 
perfluorinated residue as chain end. SALD polymerization required a more nucleophile 
catalyst to be efficiently ring-opened. The use of the organic amine DMAP led to higher 
rates of polymerization but was also responsible of lower molecular weight and higher 
dispersions due to some transesterification. The synthesis of perfluorinated end-capped 
polymer was also accomplished by the employment of PFoct as initiator. 
PMGLY and SALD monomers were also employed in the synthesis of block 
copolymers with Fluorolink D10-H (FLK). The products were structurally similar to 
PLDA-FLK-PLDA and PLLA-FLK-PLLA, two products previously synthetized and 
characterized [156]. 
Generally all the copolymers presented the following characteristics: (1) 
amorphous materials, (2) increased Tg and improved thermal resistance with respect to 
PLA, (3) presence of perfluorinated segments (PFoct and FLK) in the structure. The 
importance of these aspects and their implications in the application of these products as 
coatings for building stones will be explained in Chapter 3. 
  
EXPERIMENTAL SECTION 
Materials. Reagents: L-lactide (L-LD), rac-lactide (rac-LD), (S)-mandelic acid, 
D,L-mandelic acid, salicylic acid, acetylsalicylic acid, p-toluensulphonic acid (PTSA), 
triethylamine 99,5% (TEA), 2-bromopropionil bromide, 4-dimethylaminopyridine 
(DMAP), Tin(II)-2-ethylhexanoate (SnOct2) and benzyl alcohol anhydrous 99.8% were 
purchased from Aldrich. 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-1-octanol (PFoct) was 
purchased from Fluka. Fluorolink D10-H (FLK) was purchased from Solvay Solexis. 
Solvents: chloroform (CHCl3), tetrahydrofuran (THF), acetonitrile (MeCN), ethyl acetate 
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(EtOAc), acetone, n-hexane, p-xylene and deuterated solvents (CDCl3, DMSO-d6) were 
purchased from Aldrich. 
Instruments. 
1
H- and 
19
F- NMR spectra were obtained using a Varian VXR 200 
MHz spectrometer, using CDCl3 and DMSO-d6 as solvents. 
13
C-NMR spectra were 
obtained using a Mercury 400 MHz spectrometer, using CDCl3 as solvent. FT-IR spectra 
were recorded with a Shimadzu FT-IR spectrometer model IRAffinity-1 equipped with a 
Specac Golden Gate single reflection diamond attenuated total reflectance (ATR) 
accessory. Polymer solutions were casted on NaCl disks using CHCl3 as solvent. ATR 
accessory was used to acquire the spectra directly on the neat polymer. GPC data was 
collected with a GPC Waters system equipped with a pump Waters model Binary HPLC 
1525, three columns Shodex KF-803 (length: 300 mm; diameter: 8.0 mm) and a 
refractive-index detector Waters model 2414, calibrated against polystyrene standards. 
Analysis were performed at 35 °C using THF as eluent, with a flow rate of 1.0 mL/min. 1 
mg/mL THF solutions of polymers were injected. DSC measurements were performed 
with a Perkin Elmer instruments model Pyris 1 DSC equipped with a Intracooler 2P 
cryogenic system. Samples were first heated from 0 °C to 200 °C under a nitrogen 
atmosphere (heating rate 20 °C/min), cooled to 0 °C, then DSC curves were collected 
upon reheating up to 200 °C at 20 °C/min. Thermogravimetric analysis (TGA) data were 
obtained with a TA instrument model Q5000 IR. Samples were heated from 50 to 400 °C 
at a heating rate of 20 °C/min, under nitrogen with a flow rate of 25 mL/min. 
MD synthesis. To a 1000 mL three-neck flask D,L-mandelic acid (8.0 g, 52.6 
mmol), PTSA (0.2 g, 1.1 mmol) and p-xylene (700 mL) were added and refluxed for 72 
hours under mechanical stirring. Water formed was removed with a Dean-Stark 
apparatus. The solution was cooled to room temperature and the insoluble fraction 
(mostly rac-MD) was separated by filtration. The solution was concentrated, washed with 
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a saturated solution of NaHCO3 (1x20 mL) and brine (3x20 mL) and the solvent was 
removed. The crude residue was collected together with the insoluble fraction and 
recrystallized 2 times from ethyl acetate to obtain a 2:1 mixture of rac/meso isomers. 
1
H-
NMR (DMSO): δ 7.51-7.30 (10H, m), 6.60 (1H, s, rac), 6.42 (1H, s, meso). 13C-NMR 
(DMSO): δ 167.41, 132.89, 128.96, 127.81, 126.23, 78.08. Mass analisys calculated for 
C16H12O4 (%): C, 72.20; H, 4.47. Found: C, 72.01; H, 4.55. Td: 245.0-247.0 °C 
(decomposition). 
SA synthesis. To a 1000 mL three-neck flask acetylsalicylic acid (20.0 g, 111.1 
mmol) was added and heated to 140 °C under magnetic stirring for 1 h. About 4.2 g of 
acetic acid were distilled and then the mixture of oligomers was heated to 320 °C under 
vacuum. The product was isolated through sublimation and was purified by column 
chromatography (SiO2, n-hexane/EtOAc, 5:1). 
1
H-NMR (CDCl3): δ 7.82 (2H, m) 7.51 
(2H, m), 7.39 (2H, m), 7.24 (2H, m). Mass analysis calculated for C14H8O4 (%): C, 
70.10; H, 0.03. Found: C, 71.03; H, 0.00. Tm: 193.8-195.2 °C. 
PMGLY synthesis. To a 100 mL three-neck flask (S)-mandelic acid (8.0 g, 52.6 
mmol), TEA (8.4 mL, 60.7 mmol) and MeCN (90 mL) were added and stirred for 20 
min. The flask was cooled in an ice bath and purged several times with nitrogen, then a 
mixture of 2-bromopropionil bromide (6.1 mL, 58.1 mmol) and MeCN (10 mL) was 
slowly added drop-wise to the solution under mechanical stirring in about 30 min. The 
ice bath was removed and the solution was further stirred for 30 min at room temperature. 
The mixture was filtered to remove a white solid and the filtrate was concentrated by 
rotary evaporation to give a solution of the crude linear Br-ester. 
1
H-NMR (S,S) (CDCl3): 
δ 7.82 (1H, m) 7.60-7.30 (5H, m), 5.97 (1H, s), 4.56-4.44 (1H, q, J = 6.9 Hz), 1.89 (3H, 
d, J = 6.9 Hz). 
1
H-NMR (S,R) (CDCl3): δ 7.82 (1H, m) 7.60-7.30 (5H, m), 5.98 (1H, s), 
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4.56-4.44 (1H, q, J = 6.9 Hz), 1.83 (3H, d, J = 6.9 Hz).. Mass analysis calculated for 
C11H11BrO4 (%): C, 54.59; H, 0.05. Found: C, 54.65; H, 0.08. 
The viscous liquid was mixed with 1000 mL of acetone and 20.0 g of NaHCO3 
and refluxed overnight under mechanical stirring. The solids were removed by filtration 
and acetone was evaporated to dryness. The isolated solid was dissolved in ethyl acetate, 
washed with HCl 2M (1x10 mL), H2O (1x20 mL) and brine (3x20 mL) and dried over 
MgSO4. Ethyl acetate was removed by rotary evaporation to give 8.0 g of the rac/meso 
mixture. The crude product was then purified by column chromatography (SiO2, n-
hexane/EtOAc, 5:1). 
1
H-NMR (CDCl3): δ 7.60-7.35 (5H, m), 5.95 (1H, s), 5.20 (1H, q, J 
= 6.9 Hz), 1.67 (3H, d, J = 6.9 Hz). 
13
C-NMR (CDCl3): δ 168.98, 167.21, 137.03, 129.97, 
128.97, 127.37, 74.72, 72.84, 16.56. Mass analysis calculated for C11H10O4 (%): C, 
64.10; H, 4.85. Found: C, 64.05; H, 4.91. Tm: 138.0-138.5 °C. 
SALD synthesis. To a 100 mL three-neck flask salicylic acid (7.5 g, 54.2 mmol), 
TEA (8.4 mL, 60.7 mmol) and MeCN (90 mL) were added and stirred for 20 min. The 
flask was cooled in an ice bath and purged several times with nitrogen, then a mixture of 
2-bromopropionil bromide (6.3 mL, 60.0 mmol) and MeCN (10 mL) was slowly added 
drop-wise to the solution under mechanical stirring in about 30 min. The ice bath was 
removed and the solution was further stirred for 30 min at room temperature. The mixture 
was filtered to remove a white solid and the filtrate was concentrated by rotary 
evaporation to give a solution of the crude linear Br-ester. 
1
H-NMR (CDCl3): δ 8.16 (1H, 
m) 7.71 (1H, m), 7.45 (1H, m), 7.24 (1H, m), 4.73 (1H, q, J = 6.6 Hz), 3.24 (1H, m) 2.04 
(3H, d, J = 6.6 Hz). Mass analysis calculated for C10H9BrO4 (%): C, 57.14; H, 4.76. 
Found: C, 57.54; H, 4.62. 
The viscous liquid was mixed with 1000 mL of acetone and 18.0 g of NaHCO3 
and refluxed for 2 h under mechanical stirring. The solids were removed by filtration and 
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acetone was evaporated to dryness. The isolated solid was dissolved in ethyl acetate, 
washed with HCl 2M (1x10 mL), H2O (1x20 mL) and brine (3x20 mL) and dried over 
MgSO4. Ethyl acetate was removed by rotary evaporation to give 7.5 g of the desired 
product. The crude product was then purified by column chromatography (SiO2, hexane–
EtOAc, 5:1). 
1
H-NMR (CDCl3): δ 7.95 (1H, m) 7.68 (1H, m), 7.41 (1H, m), 7.25 (1H, 
m), 4.94 (1H, q, J = 6.6 Hz), 1.67 (3H, d, J = 6.6 Hz). 
13
C-NMR (CDCl3): δ 168.81, 
163.32, 150.29, 134.25, 131.94, 126.40, 123,72, 119.35, 69.55, 16.67. Mass analysis 
calculated for C10H8O4 (%): C, 62.52; H, 4.16. Found: C, 62.16; H, 4.05. Tm: 128.3-
129.0 °C. 
MD solution polymerization. In a nitrogen atmosphere MD (0.44 g, 1.6 mmol, 
previously dried overnight at 40 °C under reduced pressure) and 2 mL of xylene were 
introduced in a dried Schlenk tube. The Schlenk tube was heated to 110 °C under 
magnetic stirring until an uniform solution was obtained, then 0.5 mol% of SnOct2 and 
0.5 mol% of benzyl alcohol in a xylene solution were added with a syringe, starting the 
polymerization. After 72 h the reactor was cooled to room temperature and n-hexane was 
added until the product precipitated completely from the solution. The solid products 
were separated by filtration and residual solvent was eliminated by rotary evaporation. 
The crude polymer was dissolved in CHCl3, precipitated 2 times by adding n-hexane and 
dried at reduced pressure overnight. 
MD/LD bulk copolymerization. In a nitrogen atmosphere L-LD (0.50 g, 3.4 
mmol, previously sublimed under vacuum) and the desired amount of MD (0.01–0.50 g, 
0.04–1.9 mmol, previously dried overnight at 40 °C under reduced pressure) were 
introduced in a dried Schlenk tube. 0.5 mol% of SnOct2 and 0.5 mol% of benzyl alcohol 
were added and the Schlenk tube was purged several times with nitrogen. The 
polymerization was started by introducing the Schlenk tube in an oil bath thermostated at 
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140 °C under mechanical stirring. After 24 h the reactor was cooled down to room 
temperature and the resulting mixture was dissolved in CHCl3. The insoluble fraction 
(rac-MD) was eliminated by filtration. The crude polymer was precipitated 2 times by 
adding n-hexane and dried at reduced pressure overnight. 
PMGLY and SALD bulk polymerization. In a nitrogen atmosphere PMGLY 
(0.50 g, 2.4 mmol, previously dried overnight at 40 °C under reduced pressure) (0.50 g, 
2.6 mmol for SALD) was introduced in a dried Schlenk tube. 0.5 mol% of SnOct2 (0.5 
mol% of DMAP for SALD) and an amount between 0.5 mol% and 10.0 mol% of the 
desired initiator (either benzyl alcohol or PFoct) were added and the Schlenk tube was 
purged several times with nitrogen. The polymerization was started by introducing the 
Schlenk tube in an oil bath thermostated at 140 °C under mechanical stirring. After 24 h 
(3 h for SALD) the reactor was cooled down to room temperature and the resulting 
mixture was dissolved in CHCl3. The crude polymer was precipitated 2 times by adding 
n-hexane and dried at reduced pressure overnight. 
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Chapter 3:  Evaluation of polymers as protective coatings for stone 
materials 
INTRODUCTION 
The protection of stone materials outdoor exposed from the action of atmospheric 
agents is one of the most critical and important aspects for the conservation of civil and 
historical building surfaces [2]. Water is the main cause of stone degradation as it plays 
several important roles in chemical, physical, and mechanical processes of degradation 
[1, 157]. Several materials, either natural or synthetic, can be employed to protect stone 
from water. Acrylic resins have been the synthetic materials more widely used as 
protective coating, due to their adequate hydrophobicity and adhesion to the surface [2]. 
However acrylics, both as acrylates and methacrylates homo- and co-polymers, showed a 
rapid ageing and decrease of the water repellence especially when applied in outdoor 
environments [5, 6, 158]. Natural and synthetic waxes are another class of materials 
employed as stone protective. Among these, microcrystalline waxes are the most 
promising for the protection of stone as well as metal artifacts because they show water 
repellence and weathering resistance comparable with acrylic materials. However 
microcrystalline waxes application requires rough conditions and shows very poor 
efficiency on porous substrates [2]. 
A remarkably effort in the synthesis of new products for stone protection comes 
from the development of fluorinated polymers. They represent a good example of a 
tailor-made product, that is a product designed for a specific application. The early 
fluoropolymer coatings, derived directly from the photo-oxidative polymerization of 
hexafluropropene, showed promising hydrophobic and stability performances but low 
solubility in the common solvents and a rather poor interaction with the stone surface 
[29]. In order to improve their solubility, partially fluorinated polymers were synthetized 
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through copolymerization with non-fluorinated monomers. On the other hand functional 
groups were introduced to improve compatibility with inorganic surfaces, thereby 
providing more persistent protection [35, 159]. The best results were achieved during the 
last decades by perfluoropolyethers (PFPE) [29], fluorinated acrylics [39, 40],  polyether-
amides [157] and Ziegler-Natta polyolefins [4]. 
In the past few years our research group began the development of a new class of 
conservation material derived from renewable feedstocks. The research was devoted to 
synthesis and characterization of modified polylactic acid (PLA) for a potential 
application in the protection of stone surfaces by joining with the special properties of 
fluorine chemicals. In this respect, some of us recently synthetized fluorine-containing 
PLAs by ring opening polymerization (ROP) of lactide (the cyclic ester dimer of lactic 
acid), and proposed them as potential coatings for protection of stone. These products 
were PLA-PFPE block copolymers, such as PLA-FLK-PLA (FLK is Fluorolink D-10 H 
moiety) [156], and chain-end fluoro-functionalized PLAs with a perfluoroalkyl moiety 
[150]. These copolymers were soluble in usual organic solvents and showed encouraging 
performances as water-repellents coatings. Moreover chain-end fluoro-functionalized 
PLA have a lower fluorine content with respect to PLA-FLK-PLA, improving eco-
compatibility and cheapness of the product. The present research was developed with the 
synthesis and application of lactic acid/mandelic acid and lactic acid/salicylic acid 
copolymers. The aim was to develop new polymeric coatings with different 
characteristics, especially to increase the Tg of the polymers, to further expand their 
applicability as conservation materials. Detailed informations on the synthesis of the 
products were reported in Chapter 2. 
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RESULTS AND DISCUSSION 
Selection of polymers 
A selection of products, previously reported in Chapter 2, was chosen for 
application as coating for stone surfaces. The products were (Table 7): (1) a 
lactide/mandelide copolymer (poly(LD-co-MD)), (2) a PMGLY homopolymer 
(poly(PMGLY)), (3) a PMGLY homopolymer with perfluorinated chain-ends 
(poly(PMGLY)-F), (4) a SALD homopolymer (poly(SALD)), (5) a SALD homopolymer 
with perfluorinated chain-ends (poly(SALD)-F), (6) a PMGLY/Fluorolink D10-H block 
copolymer (PMGLY-FLK-PMGLY), (7) a SALD/Fluorolink D10-H block copolymer 
(SALD-FLK-SALD), (8) a L-LA/Fluorolink D10-H block copolymer (PLLA-FLK-
PLLA), (9) a rac-LA/Fluorolink D10-H block copolymer (PLDA-FLK-PLDA), (10) a L-
lactide homopolymer (PLA), (11) a L-lactide homopolymer with perfluorinated chain-
ends (PLA-F). The last products (8-11) were chosen as reference materials. The synthesis 
and characterization of PLLA-FLK-PLLA and PLA-F were reported in previous 
publications [150, 156], while the other synthesis are reported in Chapter 2. These 
products were chosen because each one represented a particular class among synthetized 
polymers. Fluorine content reported in Table 7 was calculated as weight percentage of 
fluorine on total product weight, considering the FLK and perfluoro-octanol (PFoct) 
insertions and the molecular weight of polymers. Fluorinated polymers poly(PMGLY)-F, 
poly(SALD)-F, PMGLY-FLK-PMGLY and SALD-FLK-SALD were chosen to evaluate 
the effect of perfluorinated chain segments on the performances. Unfluorinated polymers 
poly(LD-co-MD), poly(PMGLY) and poly(SALD) were also applied for a comparison 
with the corresponding fluorinated polymers. Products for each serie were chosen with 
similar fluorine content to have a better comparison between the performances. 
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Table 7. Products applied as stone coatings with selected characteristics. 
Product Type 
Fluorine 
content 
Mw PDI Tg 
  
 
(% w/w) (g/mol)   (°C) 
PLA L-LD homopolymer 0 14396 1.38 50.0 
PLA-F 
Fluorinated L-LD 
homopolymer 
3.6 7697 1.26 40.5 
Poly(LD-co-MD) LD/MD copolymer 0 14677 1.28 65.2 
Poly(PMGLY) 
PMGLY 
homopolymer 
0 20160 1.49 75.0 
Poly(PMGLY)-F 
Fluorinated PMGLY 
homopolymer 
3.5 11790 1.22 74.7 
Poly(SALD) SALD homopolymer 0 6635 1.71 76.8 
Poly(SALD)-F 
Fluorinated SALD 
homopolymer 
3.8 3247 1.79 54.9 
PMGLY-FLK-
PMGLY 
PMGLY/FLK block 
copolymer 
13.6 17180 1.51 57.5 
SALD-FLK-SALD 
SALD/FLK block 
copolymer 
13.6 2520 1.78 51.1 
PLLA-FLK-PLLA 
L-LD/FLK block 
copolymer 
13.6 8207 1.22 42.0 
PLDA-FLK-PLDA 
rac-LD/FLK block 
copolymer 
13.6 13790 1.29 32.2 
 
FT-IR spectra of some of the products are reported in Figure 17. The main 
absorption bands were attributed on the basis of data reported in the literature [160, 161] 
and by correlation of the spectra of polymers with their respective monomers. The spectra 
of the products that were already characterized in previous works were not reported here. 
Poly(LD-co-MD) spectrum showed the following absorptions: 3582 (w, O-H 
stretching), 3033 (w, aromatic C-H stretching), 2999 and 2939 (m, symmetric and 
asymmetric aliphatic C-H stretching), 1751 (s, C=O stretching), 1453 (m, CH3 
deformation), 1380 and 1360 (m, symmetric and asymmetric C-H bending), 1290-990 (s, 
C-H bending and C-O stretching), 1210 and 1095 (s, C-O stretching and C-O-C 
 116 
asymmetric bending), 871 (m, amorphous phase of PLA), 753 (m, C=O deformation), 
696 (w, C-H bending) cm
-1
. 
Poly(PMGLY) spectrum showed the following signals: 3580 (w, O-H stretching), 
3066 and 3038 (w, symmetric and asymmetric aromatic C-H stretching), 2993 and 2943 
(m, symmetric and asymmetric aliphatic C-H stretching), 1750 (s, C=O stretching), 1498 
(w, aromatic C=C stretching), 1457 (m, CH3 deformation), 1384 and 1359 (m, symmetric 
and asymmetric C-H bending), 1290-990 (s, C-H bending and C-O stretching), 1210 and 
1095 (s, C-O stretching and C-O-C asymmetric bending), 871 (w, amorphous phase 
mode of PLA), 753 (m, C=O deformation) 696 (s, C-H bending) cm
-1
. 
Poly(SALD) spectrum showed the following absorptions: 3580 (w, O-H 
stretching), 3118 and 3083 (w, symmetric and asymmetric aromatic C-H stretching), 
2993 and 2949 (m, symmetric and asymmetric aliphatic C-H stretching), 1774 (s, C=O 
stretching lactic acid moiety), 1722 (s, C=O stretching salicylic acid moiety),  1681, 
1607, 1583 1490 (s, aromatic C=C stretching and deformation), 1449 (m, CH3 
deformation), 1384 and 1351 (m, symmetric and asymmetric C-H bending), 1330-970 (s, 
C-H bending and C-O stretching), 1210 and 1095 (s, C-O stretching and C-O-C 
asymmetric bending), 860 (w, amorphous phase of PLA), 761 and 737 (m, C=O 
deformation) 696 (w, C-H bending) cm
-1
. 
Poly(PMGLY)-F spectrum showed the following bands: 3582 (w, O-H 
stretching), 3066 and 3033 (w, symmetric and asymmetric aromatic C-H stretching), 
2999 and 2943 (m, symmetric and asymmetric aliphatic C-H stretching), 1754 (s, C=O 
stretching), 1497 (w, aromatic C=C stretching), 1453 (m, CH3 deformation), 1384 and 
1363 (m, symmetric and asymmetric C-H bending), 1290-990 (s, C-H bending, C-F 
stretching and C-O stretching), 1201 and 1127 (s, C-O stretching and C-O-C asymmetric 
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bending), 875 (w, amorphous phase mode of PLA), 749 (m, C=O deformation) 697 (s, C-
H bending) cm
-1
. 
Poly(SALD)-F spectrum showed the following absorptions: 3581 (w, O-H 
stretching), 3115 and 3046 (w, symmetric and asymmetric aromatic C-H stretching), 
2960 and 2947 (m, symmetric and asymmetric aliphatic C-H stretching), 1774 (s, C=O 
stretching lactic acid moiety), 1726 (s, C=O stretching salicylic acid moiety),  1676, 
1611, 1583 1485 (s, aromatic C=C stretching and deformation), 1453 (m, CH3 
deformation), 1384 and 1360 (m, symmetric and asymmetric C-H bending), 1330-970 (s, 
C-H bending, C-F stretching and C-O stretching), 1201 and 1023 (s, C-O stretching and 
C-O-C asymmetric bending), 859 (w, amorphous phase mode of PLA), 758 and 733 (m, 
C=O deformation) 697 (w, C-H bending) cm
-1
. 
PMGLY-FLK-PMGLY spectrum showed the following bands: 3582 (w, O-H 
stretching), 3066 and 3033 (w, symmetric and asymmetric aromatic C-H stretching), 
2999 and 2943 (m, symmetric and asymmetric aliphatic C-H stretching), 1754 (s, C=O 
stretching), 1497 (w, aromatic C=C stretching), 1453 (m, CH3 deformation), 1384 and 
1363 (m, symmetric and asymmetric C-H bending), 1290-990 (s, C-H bending, C-F 
stretching and C-O stretching), 1201 and 1127 (s, C-O stretching and C-O-C asymmetric 
bending), 875 (w, amorphous phase mode of PLA), 749 (m, C=O deformation) 697 (s, C-
H bending) cm
-1
. 
SALD-FLK-SALD spectrum showed the following bands: 3581 (w, O-H 
stretching), 3115 and 3046 (w, symmetric and asymmetric aromatic C-H stretching), 
2960 and 2947 (m, symmetric and asymmetric aliphatic C-H stretching), 1774 (s, C=O 
stretching lactic acid moiety), 1726 (s, C=O stretching salicylic acid moiety),  1676, 
1611, 1583 1485 (s, aromatic C=C stretching and deformation), 1453 (m, CH3 
deformation), 1384 and 1360 (m, symmetric and asymmetric C-H bending), 1330-970 (s, 
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C-H bending, C-F stretching and C-O stretching), 1201 and 1023 (s, C-O stretching and 
C-O-C asymmetric bending), 859 (w, amorphous phase mode of PLA), 758 and 733 (m, 
C=O deformation) 697 (w, C-H bending) cm
-1
. 
 
Application of polymers as stone coatings 
The application of the products was carried out by a solution casting procedure, 
consisting in the direct application of polymer solutions on surfaces. Solution casting is a 
common practice for film formation and different procedures were successfully employed 
to form thin polymer coatings on stone surfaces, such as acrylates and methacrylates [5, 
7, 9], fluorinated acrylic resins [39, 162-164], polysiloxanes [162, 165], polyolefins [4] 
and polylactic acid [3, 148, 150, 156, 166, 167]. Some polymers were also applied by a 
dip-coating procedure, but the results were not satisfying, so this method was not further 
pursued (more details on this are reported in Chapter 4). Considering the objectives of 
this study, two set of samples were prepared: (a) polymer coatings on glass slides, for the 
characterization of films and to study their stability under environmental conditions 
(coating were checked by optical microscopy, FT-IR, 
1
H-NMR, GPC, DSC, weight loss), 
and (b) polymer coatings on stone surfaces, to evaluate the performance as stone 
protectives. 
Regarding solubility, all the polymers showed almost the same behavior of PLA, 
with good solubility in acetone, tetrahydrofuran (THF) and chloroform (CHCl3), and 
CHCl3 was overall the best solvent. For applications either CHCl3 or THF solutions were 
employed with no significant difference on the final coatings. Important aspects were the 
concentration of solutions and the amount of product applied on stone surface. After 
some preliminary applications, the most appropriate conditions were chosen. The 
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solutions were casted on the surfaces by means of small droplets, applied with the aid of 
a syringe or a pipette using a  2 % w/w polymer solution. The amount of applied polymer 
was determined by weight difference when constant weight of samples was reached. An 
uniform and crack-free coating was formed after solvent drying by evaporation in 
laboratory conditions. The absence of fractures in the final coatings was confirmed by 
visual inspection through an optical microscope. This confirmed that, in spite of their 
high Tg, the polymers formed an adherent film that completely covered the surface 
without holes or fractures.  
The stone substrate chosen for the treatments was a white calcitic marble with 
very low porosity. On this material the penetration of polymer solutions was allowed only 
to a low extent, leading to higher solvent evaporation rate and reduced times for film 
formation. The polymer remained almost entirely on the surface, so it was the perfect set-
up to study the behavior as surface coating. Furthermore phenomena such as product 
migration and diffusion in the bulk of samples were limited. The white color of the 
substrate allowed an easier detection of chromatic variations. 
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Figure 17. FT-IR spectra of polymers applied as stone coatings. 
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Evaluation as protective coatings 
Chromatic variations 
Chromatic variations of marble samples treated with products are reported in 
Figure 18. In the CIE-L*a*b* chromatic system, L* refers to the lightness, while a* and 
b* refer respectively to the red–green and yellow–blue color. For the calculation of the 
chromatic variations the untreated stone was selected as reference area. The chromatic 
differences are defined as 
       
     
  
where xt* is the colorimetric value (L*, a* or b*) of the treated stone sample and 
xu* is the colorimetric value of the untreated sample. 
A positive value of ∆L* means an increased lightness of treated sample, that 
reflect more light than untreated one. Positive values of ∆a* or ∆b* indicate that treated 
samples are respectively more red or yellow than untreated ones. The ∆E* value 
represents the total color change between the treated and the untreated surfaces, 
calculated as: 
 
     √(   )  (   )   (   )   
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Figure 18. Chromatic variations of marble samples after treatment with the products 
(error bars representing standard deviations). 
The most significant contribution to the chromatic change was due to the lightness 
parameter L*. All treated stones exhibited a decreased lightness, that is a darkening of the 
surface, between -0.89 and -3.68. The effect was most evident for poly(SALD) and 
SALD-FLK-SALD treatments. A similar trend was already described for PLLA-FLK-
PLLA and PLA-F treatments with almost negligible changes in the a* and b* parameters. 
Mandelic acid and salicylic acid copolymers, while manteining low ∆a* values, exhibited 
higher ∆b* values, that is a migration toward a more yellow hue. This behavior may be 
attributed to the presence of phenyl groups, to which may be attributed the partial 
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yellowing, although the polymers did not exhibit any absorption in the visible region of 
the spectrum. Phenyl groups must be also responsible of the higher decrease of lightness 
with respect to PLLA-FLK-PLLA and PLA-F treatments. The limit in color variation 
usually considered acceptable for stone treatments is ∆E* = 3 [168]. Almost all 
treatments were under this limit, however salicylic acid copolymers (poly(SALD), 
poly(SALD)-F and SALD-FLK-SALD) surpassed it to a low extent. The effect of 
yellowing and darkening was just barely noticeable to visual inspection. Concerning the 
chromatic changes the best performing products were PLA and mandelic acid 
copolymers (poly(LD-co-MD), poly(PMGLY), poly(PMGLY)-F and PMGLY-FLK-
PMGLY). 
 
Contact angle 
Contact angle (CA) measurements were performed on treated marbles and results 
are reported in Figure 19. As expected fluorinated coatings showed higher static CA with 
respect to unfluorinated ones because for smooth surfaces the predominant factor 
affecting hydrophobicity is low surface energy [169, 170]. However the CAs of fluorine 
containing polymers, such as PLA-F, were lower than CAs of poly(PMGLY) and 
poly(SALD). PLA-F, poly(PMGLY)-F and poly(SALD)-F are fluorinated coatings but 
fluorine content is rather low (≈ 3 % w/w). We believe that in these cases the 
amorphousness of the polymer film played a central role in determining hydrophobicity. 
PLA and PLA-F have a certain degree of crystallinity derived from the stereoregularity of 
polymer chains while both poly(PMGLY) and poly(SALD) are completely amorphous. 
Most likely the amorphous polymers covered more efficiently the substrate forming a 
smoother, more uniformly distributed coating and overall a better performant film. In 
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addition the substitution of phenyl groups with methyl groups may enhance the 
hydrophobicity. FLK copolymers, PLLA-FLK-PLLA and PLDA-FLK-PLDA, containing 
the higher amount of fluorine among the polymer tested, showed the higher CA. 
Surprisingly CA for PLLA-FLK-PLLA was lower (78.8°), only 2° higher than that of 
PLA, in spite of its high amount of fluorine. This behavior may be attributed to the 
crystallization that caused a low efficiency coating. Furthermore it was necessary more 
time (2-3 times higher) for the water droplets to reach the equilibrium of static CA with 
respect to the other treated surfaces. Presumably a heterogeneous film was formed, with 
PLLA and FLK rich domains separated from each other at micro or nano scale. Water 
droplets on the surface came in contact with these domains at different hydrophobicity (a 
polyester and a perfluoropolyether) and they showed initially a high CA, probably 
determined by FLK domains on the surface, that eventually collapsed to values close to 
that of PLA coating. This hypothesis is supported by the different chemical nature of 
PLLA and FLK moieties and their different degrees of crystallinity and thermal 
properties. This was not the case of PLDA-FLK-PLDA that generated a film chemically 
uniform on which water droplets formed stable, hydrophobic CAs. 
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Figure 19. Static contact angle on marble surfaces treated with the products (error bars 
representing standard deviations). 
 
Capillary water absorption 
Capillary water absorption tests at short times (1 h) were carried out to evaluate 
the barrier properties of the coatings to liquid water. The protective efficacy (E%) of the 
coatings was evaluated as 
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where W0 and W1 are respectively the amount of water absorbed by capillarity before and 
after the treatment with polymers solutions, results of the tests are reported in Table 8. As 
just shown for CA, the presence of phenyl groups enhanced the hydrophobic properties of 
the coatings. This has been shown by an increase of E% in the serie PLA<poly(LD-co-
MD)<poly(PMGLY)<poly(SALD). As expected fluorinated polymers showed higher 
hydrophobicity than unfluorinated ones, in agreement with data previously reported. It is 
interesting to notice that even if PLA-F showed lower CAs than poly(PMGLY) and 
poly(SALD) films, its performance in the capillary absorption test was better. This result 
demonstrate that water uptake by capillarity and CA formation of water droplets on the 
surface are two distinct phenomena, although both are affected by the same properties of 
the coating. The presence of perfluorinated residues in the structure is the most important 
factor, blocking the penetration of liquid water in the stone. FLK block copolymers 
showed higher E% because fluorine content is higher. Among chain-end functionalized 
polymers, poly(PMGLY)-F showed the better performance, with E% = 94, higher than 
some FLK copolymers with higher fluorine content. Its capillary water absorption was 
very close to PMGLY-FLK-PMGLY and PLLA-FLK-PLLA, that were the polymers 
with better performances. 
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Table 8. Protective efficacy and vapor diffusivity of the treatments. 
Treatment E% Vapor permeability 
  (10
-6
 m
2
 s
-1
) 
Marble - 5.20 ± 0.15 
PLA 53 2.51 ± 0.07 
PLA-F  78
a
 n.d 
Poly(LD-co-MD) 57 n.d 
Poly(PMGLY) 67 n.d 
Poly(PMGLY)-F 94 2.45 ± 0.10 
Poly(SALD) 60 n.d 
Poly(SALD)-F 85 n.d 
PMGLY-FLK-PMGLY 96 n.d 
SALD-FLK-SALD 91 n.d 
PLLA-FLK-PLLA  97
b
 n.d. 
PLDA-FLK-PLDA  84
b
 2.52 ± 0.05 
a
 : as reported by Giuntoli et al. [150]
 
b
 : as reported by Frediani et al. [156]
 
 
Water Vapor Permeability 
Water vapor permeability of some samples are reported in Table 8. It was 
measured using a specific experimental apparatus based on the standard cup test [171]. 
Stone sample were placed in a cup test and then inserted in a climatic chamber at 
controlled humidity and temperature and the weight of the cup was monitored with a 
weighing device linked to a computer for continuous sampling. Vapor diffusivity was 
extrapolated as the gradient of the weight vs time plot. Vapor diffusivity of treated 
samples decreased to about 50-58% of the original value. A certain decrease of water 
vapor permeability may be expected for a protective coating. The decrease of these 
coating was close to recommended values proposed in previous studies regarding the 
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performances of protectives and consolidants [168]. Vapor permeability values of the 
samples analyzed were very close among them and were not affected by the polymer 
employed in the treatment. 
 
Artificial ageing 
The stability of the coatings was tested through accelerated artificial ageing in a 
Solar-box up to 1000 h. The ageing cycle was designed to replicate as close as possible 
the exposition to a natural outdoor environment while the time necessary to observe 
polymer degradation was reduced. For each polymer a coated stone sample and several 
coated glass slides were aged in the climatic chamber. Every 250 h the coatings on glass 
slides were analyzed by FT-IR, 
1
H-NMR, GPC, DSC, solubility and weight loss of the 
irradiated samples. Chromatic changes and protection efficacy were measured on stone 
samples. Data already reported in previous papers, although being referenced in the 
discussion, are not reported in this work.  
 
Weight loss 
Weight loss of samples during artificial ageing are reported in Figure 20 and in 
Table 9-Table 12. All samples gradually lost weight at different rates, due to the 
degradation of the coating. The rate of weight loss decreased in the following order: 
poly(PMGLY)>poly(SALD)>poly(LD-co-MD)>poly(PMGLY)-F>poly(SALD)-
F>PMGLY-FLK-PMGLY>SALD-FLK-SALD and the total weight loss followed a 
similar trend. Differences however were not large. The maximum total weight loss was 
5% for poly(PMGLY) film. Fluorinated polymers showed lower weight loss. 
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Figure 20. Weight loss of the samples during artificial ageing. 
 
Solubility 
All samples remained completely soluble after all ageing times. This is an 
indication that crosslinking of the polymer chains with formation of insoluble structures 
did not happen or was negligible and remained undetected. This was confirmed by the 
GPC chromatograms of the aged polymers (Figure 21-Figure 23) that did not show any 
additional distributions or shoulders at high molecular weights. These findings suggest 
that chain scission and depolymerization, instead of crosslinking, were the predominant 
mechanisms of degradation. 
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Molecular weight determination 
Molecular weights of the aged polymers are reported in Table 9-Table 12. A 
decrease of molecular weight with ageing time was shown for all samples, but the entity 
was different. Generally fluorinated polymers showed a higher stability with molecular 
weights more similar to the initial values, in agreement with data reported in precedent 
works. For instance the decrease of Mw for poly(PMGLY) sample was 88% and for 
poly(PMGLY)-F was only 27% after 1000 h. The 25% decrease of Mw for poly(SALD) 
sample was not so high compared to poly(PMGLY) sample. Poly(PMGLY)-F did not 
show any significant change in Mw, only a slight decrease of Mn was observed. 
It is known that photo-degradation of polymers involves two main processes: 
chain scission and crosslinking, changing molecular weight. In the absence of 
crosslinking, chain scission causes a decrease of Mn and Mw. For random chain scission, 
polydispersity (PDI) index (Mw/Mn) tends to 2 [172]. If simultaneous chain scission and 
crosslinking reactions occur and the probability of chain scission is smaller than that of 
crosslinking, PDI index increases [173]. Collected data showed that photo-degradation of 
polymers occurred through chain scission and cross-linking, however the probability of 
cross-linking was much lower. Mw and Mn decreased and at the same time PDI indexes 
increased for all samples. Only PMGLY-FLK-PMGLY showed constant values of PDI as 
usually shown by fluorinated polymers. As already discussed in Chapter 2, some methine 
protons in the chains of poly(PMGLY) polymers are particularly acid due to the 
proximity of a phenyl and a carbonyl group. Degradation processes could originate 
preferentially on these sites and this could be the causes of the lower stability (discussed 
in more details in the following paragraphs). In agreement with the data reported above, 
poly(PMGLY) and poly(LD-co-MD) samples showed also the higher weight losses. 
When comparing poly(PMGLY) and poly(SALD) polymers another aspect must be taken 
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into account, that is the lower molecular weights of poly(SALD) due to synthetic 
conditions, so changes from the initial values were more difficult to detect and less 
evident. PMGLY-FLK-PMGLY and SALD-FLK-SALD, thanks to the higher fluorine 
content, showed an outstanding stability to photo-oxidation with only minor changes of 
molecular weight. 
 132 
 
Figure 21. GPC chromatograms of poly(PMGLY) (top) and poly(PMGLY)-F polymers 
(bottom) unaged and at different steps of the artificial ageing process. 
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Figure 22. GPC chromatograms of poly(SALD) (top) and poly(SALD)-F (bottom) 
polymers unaged and at different steps of the artificial ageing process. 
 134 
 
Figure 23. GPC chromatograms of PMGLY-FLK-PMGLY (top) and SALD-FLK-SALD 
(bottom) polymers unaged and at different steps of the artificial ageing 
process. 
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Thermal properties 
Changes of Tg and ∆Cp of polymers are reported in Table 9-Table 12. In 
agreement with the trend of molecular weights, the Tg of aged polymers progressively 
decreased with ageing time. The decrease was higher for poly(PMGLY) and poly(LD-co-
MD) samples (∆Tg = 34.6 °C and 15.4 °C respectively) and only 5.7 °C for poly(SALD). 
Poly(PMGLY)-F showed a much lower decrease of 8.1 °C, confirming the increased 
stability of this polymer due to the presence of perfluorinated moieties. The higher 
decrease for poly(SALD)-F (∆Tg = 16.9 °C) can be ascribed to the low molecular weight 
of the initial sample. In this case even the small changes of molecular weight detected 
caused an important decrease of Tg. The same considerations can be made for Tg of 
SALD-FLK-SALD aged samples. The decrease of Tg confirmed that chain scission 
instead of cross-linking was the main mechanism of degradation. If the amount of cross-
linking was high, an increase of Tg should be seen in the course of the ageing cycle. ∆Cp 
values did not show any particular trend and remained substantially constant during all 
the ageing process, with only slight variations. 
 
FT-IR spectra 
The FT-IR spectra of the unaged products and at specific steps of the ageing 
process are reported in Figure 24-Figure 27Error! Reference source not found.. 
Changes in the spectra indicated that ageing processes were qualitatively the same for all 
products. However clear differences were observed in the entity of the changes and when 
they appeared in the course of the ageing process. The more relevant changes observed in 
the spectra were: (1) formation of a broad absorption band in the 3600-3000 cm
-1
 region; 
(2) broadening and weakening of the carbonyl absorption bands (1770-1720 cm
-1
 and 750 
cm
-1
) and formation of a shoulder at 1840 cm
-1
; (3) a decrease of the intensity and 
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broadening of all absorption bands in the fingerprint region. The broad absorption at 
3600-3000 cm
-1
 may be attributed to depolymerization and chain scission processes with 
formation of –OH and –COOH end groups and to the subsequent oxidation of –OH end 
groups to –COOH groups. Another cause may be the oxidation with formation of 
hydroperoxides that showed extensive hydrogen bonding. The band at 1840 cm
-1
 may be 
attributed to the stretching of ester anhydrides as a consequence of photo-oxidation. 
Beside these reactions, no other chemical modifications were detected in the spectra, the 
other changes shown were the broadening and weakening of the absorptions already 
present. 
For PLA, and usually for all aliphatic polyesters, there are 3 types of linkages in 
the main chain that can undergo scission by radiation (Scheme 28): (1) carbonyl carbon-
oxygen linkage (ester bond), (2) methine carbon-oxygen linkage (ether bond), (3) 
carbonyl carbon-methine carbon linkage. In addition to main chain scission, radicals can 
be formed on the methine carbon through scission of C-CH3 and C-H bonds. These 
scissions cause the formation of different radicals species that undergo propagation 
processes such as oxidation, hydrogen extraction, further chain scission and 
rearrangements, that accelerate the degradation [174]. Molecular oxygen may be added to 
free radicals, forming even more reactive species by cleavage of the weak O-O bond. 
Regarding the degradation by hydrolysis (without UV radiation), Gupta et al. 
demonstrated [175, 176], through UV spectra and end-groups analysis, that at various 
temperatures the ester bond cleavage was the main process. Similar results were recently 
found by Copinet et al. [177] and Ho et al. [178] that showed the ester bond cleavage as 
the major process and that it was enhanced by UV radiation. 
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Scheme 28. Main bond scissions of poly(lactic acid/mandelic acid) by direct photolysis 
during UV ageing. 
In the case of lactic acid/mandelic acid copolymers there are further possible 
degradation pathways. On Scheme 28 if R = Ph the rates of radical formation on methine 
carbon are higher because radicals formed are stabilized through resonance with phenyl 
ring. Moreover the presence of phenyl rings itself, being UV chromophores, enhance the 
absorption of radiation. So the higher phenyl ring content may be the cause of the higher 
degradation of poly(PMGLY) sample with respect to poly(LD-co-MD). The behavior 
under UV irradiation of these polymers shares some similarities with the degradation of 
polystyrene, although in a lower extent. Polystyrene photo-oxidation involves two steps: 
the formation of hydroperoxides and their decomposition, both process facilitated on the 
carbons linked to phenyl rings [172, 174, 179]. Chain cleavage mechanisms through 
Norrish type II reactions are obviously absent for lactic acid/mandelic acid copolymers 
because olefinic groups cannot be formed on the main chain. Poly(SALD) polymer do 
not contain labile methine carbon positions due to the different linkage of the phenyl 
groups and lactic acid units in the polymer. Phenyl groups may only behave as 
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chromophores, so a stability increase with respect to poly(PMGLY) was expected. Indeed 
observing molecular weights changes it is possible to conclude that poly(SALD) sample 
was more stable than poly(PMGLY). It may be noted that the broad absorption of O-H 
stretching still appeared at the same time as poly(PMGLY) sample (500 h) and they had 
comparable relative intensities. This is probably due to the lower molecular weight of 
poly(SALD) sample that caused IR absorptions of end groups to show higher relative 
intensities. IR spectra of poly(PMGLY)-F and poly(SALD)-F samples showed only 
minor changes, noticeable after 1000 h of ageing. This findings were in agreement with 
the stability of molecular weights. The FT-IR spectra of PMGLY-FLK-PMGLY and 
SALD-FLK-SALD also showed much less variations with respect to the corresponding 
unfluorinated polymers, thus confirming the increase in stability of these products. 
Interestingly some minor traces of degradation (O-H stretching formation and some band 
broadening) were visible but these changes did not correspond to a significant decrease of 
molecular weight, that remained substantially constant for both samples. 
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Table 9. Physicochemical characteristics of poly(LD-co-MD) sample unaged and at 
different steps of the artificial ageing process. 
Ageing time Weight loss Mn Mw PDI Tg ∆Cp 
(h) (%) (g/mol) (g/mol)   (°C) (J/g) 
0 - 11459 14677 1.28 65.2 0.461 
250 1.2 4645 12193 2.63 62.7 0.400 
500 2.5 4568 11235 2.46 58.1 0.414 
750 2.5 4037 11116 2.75 52.3 0.381 
1000 3.0 5331 11806 2.21 49.8 0.353 
 
 
 
Figure 24. FT-IR spectra of poly(LD-co-MD) sample unaged and after 1000 hours of 
artificial ageing. 
 
 140 
Table 10. Physicochemical characteristics of poly(PMGLY) and poly(PMGLY)-F 
samples unaged and at different steps of the artificial ageing process. 
   Poly(PMGLY) 
Ageing time Weight loss Mn Mw PDI Tg ∆Cp 
(h) (%) (g/mol) (g/mol)   (°C) (J/g) 
0 - 13540 20160 1.49 75.0 0.419 
250 2.2 6045 11243 1.86 70.1 0.400 
500 2.8 1478 2868 1.94 58.1 0.414 
750 3.9 1134 2378 2.10 52.3 0.381 
1000 5.1 607 2377 3.91 40.4 0.353 
       
   Poly(PMGLY)-F 
Ageing time Weight loss Mn Mw PDI Tg ∆Cp 
(h) (%) (g/mol) (g/mol)   (°C) (J/g) 
0 - 9665 11790 1.22 74.7 0.461 
250 1.0 7328 9952 1.36 76.4 0.420 
500 1.2 6807 9860 1.45 74.1 0.493 
750 1.5 5077 8266 1.63 71.7 1.094 
1000 2.0 4925 8565 1.74 66.6 0.516 
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Figure 25. FT-IR spectra of poly(PMGLY) (top) and poly(PMGLY)-F (bottom) samples 
unaged and at different steps of the artificial ageing process. 
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Table 11. Physicochemical characteristics of poly(SALD) and poly(SALD)-F samples 
unaged and at different steps of the artificial ageing process. 
   Poly(SALD) 
Ageing time Weight loss Mn Mw PDI Tg ∆Cp 
(h) (%) (g/mol) (g/mol)   (°C) (J/g) 
0 - 3886 6635 1.71 76.8 0.704 
250 1.4 2776 5811 2.09 73.3 0.201 
500 2.9 2206 4985 2.26 78.4 0.839 
750 3.6 2554 5330 2.08 69.3 0.337 
1000 4.5 2424 4974 2.05 71.1 0.428 
       
   Poly(SALD)-F 
Ageing time Weight loss Mn Mw PDI Tg ∆Cp 
(h) (%) (g/mol) (g/mol)   (°C) (J/g) 
0 - 1819 3247 1.79 54.9 0.643 
250 0 1800 3384 1.88 54.2 0.530 
500 0.2 2015 3450 1.71 53.9 0.675 
750 0.5 1925 3229 1.68 46.7 0.421 
1000 1.0 1697 3261 1.92 38.0 0.658 
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Figure 26. FT-IR spectra of poly(SALD) (top) and poly(SALD)-F (bottom) samples 
unaged and at different steps of the artificial ageing process. 
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Table 12. Physicochemical characteristics of PMGLY-FLK-PMGLY and SALD-FLK-
SALD samples unaged and at different steps of the artificial ageing process. 
   PMGLY-FLK-PMGLY 
Ageing time Weight loss Mn Mw PDI Tg ∆Cp 
(h) (%) (g/mol) (g/mol)   (°C) (J/g) 
0 - 11310 17180 1.51 57.5 0.227 
250 0 10410 14530 1.40 51.8 0.207 
500 0 8689 14800 1.70 49.5 0.672 
750 0.5 10580 15890 1.50 50.8 0.320 
1000 0.9 10830 16230 1.50 50.1 0.422 
       
   SALD-FLK-SALD 
Ageing time Weight loss Mn Mw PDI Tg ∆Cp 
(h) (%) (g/mol) (g/mol)   (°C) (J/g) 
0 - 1417 2520 1.78 51.1 0.237 
250 0 1343 2367 1.76 51.2 0.232 
500 0.3 1000 2101 2.10 43.7 0.207 
750 0.6 1086 2376 2.19 45.1 0.629 
1000 1.2 1082 2568 2.38 37.4 0.479 
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Figure 27. FT-IR spectra of PMGLY-FLK-PMGLY (top) and SALD-FLK-SALD 
(bottom) samples unaged and at different steps of the artificial ageing 
process. 
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Chromatic variations 
Chromatic variations of treated marble at different steps of the artificial ageing are 
reported in Figure 28-Figure 30. The ageing process caused for all samples the 
progressive increase of the b* parameter that correspond to the yellowing of the coating. 
This is a consequence of the photo-oxidative processes precedently reported. The 
yellowing process was more evident for poly(PMGLY) and poly(SALD) samples that 
showed the higher b* values, ∆b* = 12.89 and 9.71 respectively. Fluorinated polymers 
poly(PMGLY)-F, poly(SALD)-F, PMGLY-FLK-PMGLY and SALD-FLK-SALD 
showed more limited variations with a maximum change of ∆b* = 2.27. The lightness 
parameter (L*) was lowered immediately after the coating deposition but increased 
during the ageing process, returning toward the initial values. This was true for all 
treatments, apart for some fluctuations for poly(PMGLY) and poly(SALD) coatings (but 
these treatments also showed extensive photo-oxidation and higher variations of the other 
parameters). A similar behavior was already reported by us [150] for PLA-F and PLLA-
FLK-PLLA and was ascribed to a rearrangement of the film at the polymer-air interface 
as a result of the exposition at a temperature over its Tg (65 °C according to ISO 
11341/2004 protocol [180]). This is also true for poly(SALD)-F, SALD-FLK-SALD and 
PMGLY-FLK-PMGLY samples but poly(PMGLY), poly(PMGLY)-F and poly(SALD) 
have higher Tg than the working temperature employed. However the reorganization of 
the coatings for these polymers still occurred to some extent even if temperature was 
lower than their Tg. The increase of L* is a positive effect of the treatments because it 
corresponds to a recovery of the original aspect of the stone, with a smoother and brighter 
surface. 
Overall fluorinated polymers showed limited chromatic variations even after 1000 
h of exposition to photo-oxidative weathering conditions. The contributions of ∆b* to the 
 147 
total color variation was limited and was coupled with an increase in lightness. At the end 
of the ageing cycle however ∆E* higher than 3 were obtained only for poly(PMGLY) and 
poly(SALD) coatings. 
The protective efficacy (E%) of the coating applied on marble surface after 1000 
h is reported in Table 13. In agreement with the lower photo-oxidative stability 
poly(PMGLY) and poly(SALD) sample showed also a decrease of E% values, that were 
2 to 3 times lower than the initial values. This behavior may be attributed to a higher loss 
of protective film and formation of hydrophilic oxidized species on the surface in the 
course of the ageing process. Poly(LD-co-MD) coating in this respect kept for a longer 
time its hydrophobic properties. The loss of protective efficacy for fluorinated polymers 
was lower: 11% for poly(PMGLY)-F, 5% for poly(SALD)-F and 7% for PMGLY-FLK-
PMGLY and SALD-FLK-SALD. The conservation of hydrophobic properties was 
comparable with that of PLLA-FLK-PLLA and only slightly lower than PLA-F, 
confirming the excellent stability of these fluorinated polymers to photo-oxidative 
conditions. 
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Table 13. Protective efficacies (E%) of treatments after 1000 h of artificial ageing. 
Treatment E% 
  
PLA 53 
PLA-F  96
a
 
Poly(LD-co-MD) 55 
Poly(PMGLY) 23 
Poly(PMGLY)-F 83 
Poly(SALD) 19 
Poly(SALD)-F 80 
PMGLY-FLK-PMGLY 89 
SALD-FLK-SALD 84 
PLLA-FLK-PLLA  85
b
 
PLDA-FLK-PLDA  55
b
 
a
 : Pedna et al. [167] 
b
 : Frediani et al. [156] 
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Figure 28. Chromatic variations of marble samples after treatment with poly(PMGLY) 
(top) and poly(PMGLY)-F (bottom) coatings unaged and at different ageing 
times (error bars representing standard deviations). 
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Figure 29. Chromatic variations of marble samples after treatment with poly(SALD) 
(top) and poly(SALD-F) (bottom) coatings unaged and at different ageing 
times (error bars representing standard deviations). 
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Figure 30. Chromatic variations of marble samples after treatment with PMGLY-FLK-
PMGLY (top) and SALD-FLK-SALD (bottom) coatings unaged and at 
different ageing times (error bars representing standard deviations). 
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Py-GC/MS analysis 
Py-GC/MS analysis was employed to monitor the ageing of poly(LD-co-MD) 
sample. Py-GC/MS is a chromatographic technique that allows the analysis of sample 
composition by the products formed through pyrolysis. The analysis of the aged samples 
allowed the investigation in more details of the degradation mechanisms. The typical 
pyrogram of a LD/MD copolymer is reported in Figure 31. The main pyrolysis products 
are: propanoic acid, meso-LD and rac-LD (L,D) for the aliphatic fraction and 
benzenacetic acid, benzaldehyde and benzoic acid for the aryl fraction. As ageing 
proceeded there was an increase in the amount of oxidized products, particularly 
benzaldehyde, as an evidence of the degradation of the material. The formation of 
propanoic acid decreased, that is probably due to a partial depolymerization, as smaller 
polymer chains are less subjected to breaking following this mechanism. This data are in 
agreement with GPC and FT-IR measurements. The amount of LD isomers did not 
changed significantly with weathering, denoting that this degradation mechanism is 
predominant for long as well as smaller chains. 
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Figure 31. Typical pyrogram of poly(LD-co-MD) copolymer and assignment of main 
peaks. 
 
Scheme 29. Main degradation reactions involved in the thermal ageing of poly(LD-co-
MD) in the presence of hexamethyldisiloxane (HMDS). 
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CONCLUSIONS 
Various lactic acid/mandelic acid and lactic acid/salicylic acid copolymers with 
different compositions were employed as stone coatings and the coatings were 
characterized in terms of performance and stability to photo-oxidative weathering. 
Poly(PMGLY) and poly(SALD) copolymers quickly lost their performance due to 
degradation of the polymers chains in photo-oxidative conditions, mainly through 
depolymerization and chain scission mechanisms. Chain end fluorinated copolymers, 
poly(PMGLY)-F and poly(SALD)-F, and FLK copolymers, PMGLY-FLK-PMGLY and 
SALD-FLK-SALD, showed better protective performances and better stability because 
they were able to retain most of the hydrophobic properties at the end of the ageing cycle. 
The main advantages of PLA based protective materials with respect to traditional 
coatings (e.g. acrylics) are: (1) good solubility in common organic solvents with low 
toxicity (acetone, 2-butanone, THF), (2) flexible and controlled synthetic conditions 
leading to narrow polydispersity and readily functionalization obtaining chain ends 
copolymers or through the synthesis of block copolymers, (3) negligible color variations 
of the marble substrate after application, (4) good stability to photo-oxidative conditions 
with conservation of protective properties, (5) conservation of the excellent solubility 
after the ageing process, excluding crosslinking processes and (6) availability of starting 
materials from natural sources. The development of lactic acid/mandelic acid and lactic 
acid/salicylic acid copolymers introduced the following new features in the field of 
conservation treatments: (1) amorphous, high Tg materials, with improved thermal 
resistance, (2) UV barrier properties for further protection of the substrate, (3) 
substantially tunable properties (molecular weight, thermal properties) through the degree 
of copolymerization and (4) development of polymers for protection and conservation of 
building surface with special attention to those involved in Cultural Heritage. 
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EXPERIMENTAL SECTION 
Materials. Chloroform (CHCl3), tetrahydrofuran (THF) and deuterated solvents 
(CDCl3, DMSO-d6) were purchased by Aldrich. The stone used for treatments was a 
calcitic (95%), medium-fine grained (150-200 μm) white marble with many gray veins. 
The marble become from an ancient front of Gioia quarry (Carrara), from a block 
probably extracted in the Roman age. This lithotype was characterized by a total open 
porosity of 2.8% and a water accessible porosity of 1.1%. Another stone used for some 
treatments was a calcitic, white marble becoming from a modern quarry in the Carrara basin. 
Stone samples had dimensions of 5x5x2 cm. Glass slides, purchased from Aldrich, had the 
dimensions of 38 x 26 mm. 
Instruments. FT-IR, 
1
H-NMR, GPC and DSC procedures and instruments were 
the same reported in Chapter 2. Contact angles (sessile drop method) were determined 
using a commercial video-based, software-controlled contact angle analyzer, model OCA 
15 plus, from Dataphysics Instruments. Static contact angles were determined on the 
stone surface according to the following procedure: for each treatment, droplets of 
distilled water (8 µl) were applied with a syringe on 5 different points of 3 stone surfaces. 
The advancing and receding contact angles were measured using the ARCA method, with 
the volume of the droplet being increased/decreased by 5 µl. Colorimetric measurements 
were performed using a Minolta Chroma Meter (CR 200), and CIE-L*a*b* parameters, 
according to the UNI EN 15886/2010 protocol [181]. Capillary water absorption tests 
were performed according to the UNI EN 15801/2010 protocol [182]. For each polymer 
determinations were performed three times on three different stone samples and the 
average E% (protection efficacy), ΔL*, Δa*, Δb* (chromatic coordinates differences) and 
ΔE* (chromatic difference) of the treatment were reported. Water vapor diffusivity was 
measured using a specific experimental apparatus based on the standard cup test. The 
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stone sample was placed in a climatic chamber and monitored with a weighing device 
linked to a computer for continuous sampling. Vapor permeability was extrapolated as 
the pendency of the weight vs time plot. More details about this procedure are given in a 
previous paper [171]. Py-GC/MS was performed with a GC model 6890 equipped with a 
HP-5MS column coupled with a CDS Pyroprobe 5000 and an Agilent Technologies Mass 
Selective 5973 quadrupole detector. 
Application of polymer coatings. Stone samples were previously brought to 
constant weight in a drier and the treatment was applied on one of the wider surfaces. 
Glass slides were washed and dried before application. 40 mg of polymer were dissolved 
in 2 mL of CHCl3 (20 mg/mL) and the solution was casted on the surface to be treated 
(either glass or stone) with the aid of a pipette. The solvent was allowed to evaporate in 
laboratory conditions (25 °C, 60% R.H.) overnight and an uniform coating was obtained. 
Treated samples were kept in a drier until constant weight was reached. The amount of 
coating applied was determined by weighing samples before and after treatments. 
Artificial ageing. Polymers on treated stone and glass slides were submitted to 
artificial ageing in a CO.FO.ME.GRA Solar Box model 3000e equipped with a Xenon-
arc lamp up to 1000 h, according to the ISO 1134/2004 protocol [180]. Irradiance was 
kept at 550 W/m
2
 and internal temperature at 65 °C. An outdoor type UV filter with cut-
off < 290 nm was used to eliminate frequencies not present in the sunlight radiation. For 
each treatment one stone sample and at least 8 glass samples were submitted to the 
ageing process. 
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Figure 32. Spectral irradiance of the Xenon lamp with the outdoor UV filter used in the 
artificial ageing tests. 
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Chapter 4: PLA/SiO2 nanocomposites as coatings for stone materials 
INTRODUCTION 
Thanks to its properties PLA has been successfully employed in the packaging, 
textile and biomedical fields but research is still going on to expand applications. One 
way to overcome the material limitations, especially low toughness, thermal stability and 
inherent brittleness, may be obtained through the synthesis of composite materials [183]. 
Recently nanocomposites have attracted particular attention as an alternative to 
conventional filling of polymers. Polymer nanocomposites may be easily synthetized by 
dispersion of a nanofiller material into a polymer matrix. Such nanoparticles offer 
interesting advantages over traditional macro- or micro-particles due to their higher 
surface area improving the dispersion and adhesion between nanoparticle and polymer 
matrix and lowering the amount of loading to achieve equivalent properties [81, 82]. 
Layered silica (nanoclay) is the most frequently used nanofiller, with 
nanocomposites showing improved thermal, rheological, mechanical, optical and 
physical properties over virgin PLA [86, 87, 184, 185]. PLA/titania composites were 
synthetized by Luo et al. [90] via melt mixing and it was found out that crystallinity, 
mechanical properties and photo-degradation were improved. Other nanofillers employed 
are calcium carbonate [186], montmorillonite [187, 188]  and fumed silica [183, 189-192] 
and they all exhibit pronounced effects on strength, thoughness, elastic modulus, 
elongation at break, rate and degree of crystallinity and thermal properties. 
The enhanced properties of PLA/SiO2 nanocomposites may be exploited for 
application as protective coatings of building materials with a special attention to surface 
conservation. SiO2 nanoparticles were often used to create low surface energy 
superhydrophobic behavior for various polymer/clay nanocompistes [193-195]. 
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In all cases it is widely accepted that two main factors contributed to the increase 
of hydrophobicity: lowering the surface free energy so water droplets are repelled and do 
not penetrate and increasing the roughness to minimize the contact area between water, 
stone surface and air trapped in the grooves of the matrix [169, 196]. Using these 
mechanisms the nature is able to create a superhydrophobic surface such as the one 
observed on lotus leafs and other plants. This behavior has been ascribed to the presence 
of an intrinsic hierarchical micro- and nano- structure built by convex cell papillae and 
randomly oriented hydrophobic wax crystals [197, 198]. The roughened surfaces are able 
to trap air below water droplets, thus helping the droplets to roll off. 
SiO2 nanoparticles have been applied to obtain hydrophobic surfaces on building 
materials, in spite of this difficult task. Manoudis et al. [199] obtained 
superhydrophobicity by spraying solutions of a poly(methyl methacrylate) (PMMA)/SiO2 
or poly(alkyl siloxane)/SiO2 composites on various substrates, including silicon, concrete, 
marble, silk, wood and glass. High and low hysteresis surfaces were obtained and they 
were able to demonstrate that hydrophobic effects were independent on the type of 
support. The same effects were also obtained with aluminia and Zn-oxide nanoparticles. 
De Ferri et al. [200] studied the effect of SiO2 nanoparticles on thin films of 
polyalkylsiloxane. Coatings were applied on marble, sandstone and granite building 
stones with a brush. Various degrees of hydrophobicity were obtained and the authors 
showed that treated stones retained their performances after several months of exposure 
to atmospheric agents. Recently Facio and Mosquera developed an innovative strategy 
for producing superhydrophobic behavior in situ on building stones [201]. The addition 
of silica nanoparticles to a mixture of organic and inorganic silica oligomers in the 
presence of a surfactant produced a coating of closely packed particles. The coating was 
able to trap air beneath the water droplets, minimizing the contact area between water 
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droplets and surface, and the surfactant helped in coarsening the pore structure of the gel 
network, preventing the coating material from cracking. 
On the other hand the potentiality of PLA based coating for stone protection has 
already been reported in a serie of recent publications [3, 150, 156, 166, 167]. In these 
works PLA stability and hydrophobic properties were greatly enhanced by linking the 
PLA polymer backbone with fluorine containing chemicals. PLA/perfluoropolyethers 
(FLK) block copolymers  such as PLLA-FLK-PLLA (the isotactic form of PLA) and 
PLDA-FLK-PLDA (the atactic form of PLA) were synthetized and applied on stone 
surface with  remarkable improvements of water repellence performances [156]. PLA 
was also functionalized with different perfluorinated alcohols obtaining a chain end PLA 
(PLA-F) and very similar results of water protection were obtained, even if a significant 
lower amount of fluoro-component was present in the polymer [150]. Moreover all 
polymers showed very good solubility in common organic solvents, reversibility and 
stability during the artificial ageing in a Solar-box. 
In this work a simple and low cost route for the synthesis of a nanocomposite 
PLA/SiO2 coating for building stone is presented. The nanocomposite products were 
formed by (1) a solution containing a PLA polymer matrix in an organic solvent and (2) 
an inorganic component, the SiO2 nanoparticles uniformly dispersed in the matrix of the 
polymer. The SiO2 was added  to realize  a roughened surface, thus increasing 
hydrophobicity by minimizing the contact area among water, air and stone phases. The 
appropriate polymer matrix was selected among several PLA and fluoro containing PLA 
polymers and copolymers, then it was dissolved in an organic solvent and mixed with 
SiO2 nanoparticles in different proportions. The new materials were applied on glass and 
marble surfaces for their characterization and evaluation of their hydrophobic properties. 
SEM and AFM studies of the treated surfaces were carried out to investigate the 
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behaviour of the coatings at various formulations. Finally a test was carried out to 
confirm the reversibility of the treatments. 
 
 
Figure 33. Nanocomposite synthesis procedure. 
 
RESULTS AND DISCUSSION 
Synthesis and chatacterization 
Prior to the synthesis of nanocomposite coatings, the most appropriate polymer 
matrix was chosen among several different PLA coatings, on the basis of their 
hydrophobic properties. Each polymer was dissolved in chloroform (5 % w/v) and 
solutions were casted on marble samples and dried in laboratory environmental 
conditions up to constant weight. The polymer was selected on the basis of the 
measurements of static water contact angle (CA) on treated surface and the observation 
of the surfaces with optical microscopy. As already discussed, PLDA-FLK-PLDA 
showed the higher static CA among the polymers tested, as previously reported (Chapter 
3), so it was chosen for the synthesis of nanocomposite materials. 
The synthesis of nanocomposites was carried out by a simple procedure, by 
mixing polymer and SiO2 in a chloroform solution under magnetic stirring and ultrasonic 
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agitation. The solutions were then casted on selected glass and marble surfaces, obtaining 
an uniform coating upon solvent drying. Treated samples were then tested and their 
performance evaluated. The products were named P (PLDA-FLK-PLDA) followed by S 
(SiO2 particles) and a number referring to the SiO2/polymer w/100 g ratio used in the 
formulation (e.g. P-S20 contained 20 g of SiO2 and 100 g of polymer). For P-S60 and P-
S80 formulations the coatings were not completely transparent. 
 
Textural properties 
Textural properties of nanocomposites were determined through N2 physisorption 
experiments. The isotherms obtained were used to calculate pore volume, pore size 
distribution and BET surface area of the powdered coatings. Two products with different 
SiO2 content, P-S20 and P-S80, along with the polymer without nanoparticles, PLDA-
FLK-PLDA, were chosen for these experiments. Their formulation and textural 
properties are reported in Table 14. 
 
Table 14. Formulation and textural parameters of the nanocomposites under study. 
Product SiO2/polymer Pore Volume Pore Size BET surface area 
 
(% w/w) (10
-3
 cm
3
/g) (nm) (m
2
/g) 
PLDA-FLK 0 1.9 - 0.3 
P-S20 20 8.3 4.2 3.9 
P-S80 80 80.5 66.9 4.8 
 
The addition of SiO2 particles to the polymer matrix caused an increase in pore 
volume and surface area with respect to the polymer itself that exhibited essentially a 
very low porosity. Both products P-S20 and P-S80 showed type IV isotherms typical of 
 163 
mesoporous materials (Figure 34 top). According to the IUPAC classification [202], 
product P-S80 exhibited a type H1 hysteresis loop, with parallel and nearly vertical 
adsorption-desorption branches. This hysteresis is typical of materials consisting of 
agglomerates of spherical particles arranged in a uniform way. Type H1 hysteresis is also 
an indication of high pore size uniformity and pore connectivity [203]. Product P-S20 
presented a low volume of adsorption with a hysteresis loop more similar to type H2 
triangular shape. The broad hysteresis loop suggest a behavior intermediate between H2 
and H1 types, exhibited by other materials with uniform cage-like pores [204, 205]. 
These considerations are supported by the pore size distribution obtained through 
the Barret-Joyner-Halenda (BJH) method from the isotherm desorption branches (Figure 
34 bottom). While P-S80 showed a maximum at around 60 nm and no variations of pore 
sizes, P-S20 showed smaller pore sizes with two distributions centered at 4.2 and 5.4 nm. 
This data led us to conclude that the addition of SiO2 nanoparticles to the polymer matrix 
originated initially a low porous material with smaller pore sizes in the mesoporous 
region (P-S20) and at higher silica content (P-S80) the total pore volume increased along 
with the size of the pores, reaching macroporous sizes (50 nm and above). This higher 
pore size can be ascribed to the formation of aggregates of nanoparticles within the 
amorphous polymer matrix, with the polymer acting as a glue. 
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Figure 34. Nitrogen isotherms (top) and BJH pore size distribution (bottom) for the 
nanocomposites under study. 
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HAADF-STEM 
A deeper investigation on the structure of the nanocomposites was carried out 
with High-Angle Annular Dark-Field Scanning Transmission Electron Microscopic 
(HAADF-STEM) analysis. The HAADF detector is higly sensible to variations in atomic 
number so it allowed to well distinguish SiO2 particles and their surroundings. Figure 35 
shows high resolution images of PLDA-FLK-PLDA and the nanocomposite materials P-
S20 and P-S80. 
The amorphous polymer matrix is formed by small particles with no particular 
shape. The images of the nanocomposites materials P-S20 and P-S80 clearly show that 
they consist of spherically shaped particles tied together by the polymer matrix. The 
shape and size distribution of the particles are in agreement with OX-50 commercial 
product (a TEM image of the product is showed in Figure 35). In addition to single 
particles, aggregates of various dimensions were found, between 80 and 150 nm. Brighter 
area in the image represent the regions were most SiO2 is present, most likely due to the 
aggregates formation and overlap in the field of view. The formation of aggregates of 
SiO2 particle is compatible with the mechanism of film formation and has been observed 
for other PLA/SiO2 nanocomposite materials [206, 207]. The formation of coated 
particles and aggregates is likely the reason for the increasing porosity of the 
nanocomposite materials P-S20 and P-S80. The amourphous nature of the matrix played 
a central role in the uniformity of the coating. EDX analysis (Figure 36) confirmed that 
particles and aggregates were uniformly covered by the matrix and uncovered free 
particles were not present, even at higher SiO2 content. Through EDX elemental analysis 
(Figure 36) we were able to clearly observe the coated particles and distinguish between 
organic and inorganic components: point 1 showed low Si content and the elemental 
composition (C,O,F) of the polymer coating, point 2 and point 3 showed higher O and Si 
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percentages compatible with coated particles. Brighter zones are most likely due to the 
presence of most SiO2 particles and aggregates. 
  
 
Figure 35. HAADF-STEM images of PLDA-FLK-PLDA, P-S20 and P-S80 and TEM 
image of AE-OX50 commercial SiO2 nanoparticles. 
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Figure 36. EDX elemental analysis of product P-S80. 
 
FT-IR 
FT-IR spectra of nanocomposites P-S20 and P-S80 and pure PLDA-FLK-PLDA 
are reported in Figure 37. PLDA-FLK-PLDA spectrum showed the following signals 
[156, 160]: 2995 and 2950 (m, symmetric and asymmetric C-H stretching), 1750 (s, C=O 
stretching), 1454 (m, CH3 deformation), 1381 and 1366 (m, symmetric and asymmetric 
C-H bending), 1290-990 (s, C-H bending, C-F stretching, C-O stretching), 867 (m, 
amorphous mode of PLA) and 755 (s, C=O deformation) cm
-1
. The FT-IR spectra of P-
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S20 and P-S80 nanocomposites showed two more IR signals at 1052 and 810 cm
-1
 
corresponding to Si-O and Si-O-Si stretching [192], indicating the presence of a mixture 
between SiO2 and polymeric phases, while other polymer signals were less intense and 
partially covered by SiO2 absorptions in the 1200-800 cm
-1
 region. In addition the 
absence of other signals, particularly O-H stretching in the 3500-3000 cm
-1
 region, 
exclude side reactions in the course of the preparation between the components of the 
mixture and side products, like hydrolisis or scission of polymeric chains. 
 
 
Figure 37. FT-IR spectra of PLDA-FLK-PLDA/SiO2 nanocomposites with different SiO2 
content. 
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Application to glass surfaces 
Nanocomposites coatings were applied on glass slides and static and dynamic 
contact angles (CA) of water droplets on treated surfaces were detected. Various mixtures 
having a SiO2/polymer w/w ratios, from 0 to 80 %, were tested to better evaluate the 
influence of the addition of the particles. The products were applied using two methods: 
(1) solution casting, that is the direct application of a solutions of the product on the 
surface with a pipette or a syringe followed by solvent evaporation, and (2) dip-coating. 
For the latter the glass slides were immersed in a solution of the product for a certain 
period of time and were pulled up at a controlled rate. 
 
Contact angle 
Results of CA measurements are reported in the graphics of Figure 38 and 
detailed data are reported in Table 15 and Table 16. Results were substantially different 
for the two application methods. CAs for dip-coated films with lower SiO2 content were 
initially higher than the corresponding films formed through solution casting. CAs of 
pure polymer films showed a difference between the two methods of application: 8.61° 
for static CA, 13.73° for advancing CA and 5.74° for receding CA. However for dip-
coated films static and dynamic CA values diminished with increasing SiO2 content as 
evidenced in Figure 38 (top). Products P-S20, P-S40 and P-S80 had static CA values < 
90°, generally considered hydrophilic. For these coatings it was impossible to measure 
dynamic CA because water droplets penetrated inside the films, generating holes and 
effectively breaking the films. 
Solution casted films showed an opposite trend with an increment in both static 
and dynamic CAs with increasing SiO2 content (Figure 38 bottom). Starting with 5% of 
SiO2 content (P-S05) the hydrophobicity of the films was higher for solution casting. 
 170 
From collected data it was possible to establish a clear trend of increasing hydrophobicity 
with increasing SiO2 content. Static CA raised from 90.55° for the surface coated with 
PLDA-FLK-PLDA without SiO2 nanoparticles, to 134.49° for the surface coated with P-
S80. Similarly advancing CA raised from 93.67° to 143.17° and receding CA from 
75.66° to 120.14°. The increase was almost linear for lower SiO2 content and decreased 
for higher SiO2 content, seemingly reaching a maximum value at the end. Surface 
hysteresis, that is the difference between advancing and receding CA, were mainly 
constant for all coatings with a medium value of 22.7 ± 2.1°. Water droplets form 
increasingly high CA but tend to stick on this surfaces (e.g. rose petal), as opposite to low 
hysteresis ones (e.g. lotus leaf) [198]. 
The different behaviors of dip-coated and solution casted coatings can be ascribed 
to the different thickness of the films and different incorporation of SiO2 nanoparticles. 
Film formed with dip-coating are generally thicker and more uniform than the ones 
obtained through other techniques and the conditions of film formation (solution 
concentration, withdrawing speed) can be easily varied for tuning film thickness [208]. 
We initially thought that dip-coating would have been the best choice as an application 
method for studying the coatings. The hydrophobicity of pure polymer film was indeed 
higher for dip-coating but with the introduction of SiO2 nanoparticles, that is an inorganic 
oxide intrinsically hydrophilic, the hydrophobicity decreased and films eventually 
became hydrophilic. Surprisingly surface hysteresis is supposed to increase with 
heterogeneity and film thickness [209] and it had slightly higher values for dip-coated 
films. We speculate that for these films the polymer was unable to efficiently create a 
coating around inorganic nanoparticles, leaving some uncovered surface at the air 
interface. This, in addition with the low thickness of the films, was responsible for the 
decrease in hydrophobicity and penetration of water in the substrate. 
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Figure 38. Static and dynamic contact angles for glass surfaces treated with 
nanocomposites by dip-coating (top) and solution casting (bottom) 
techniques (bars representing standard deviations). 
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Table 15. Contact angles of water droplets on glass surfaces coated by dip-coating. 
Errors are reported as standard deviations. 
Product SiO2/polymer Static CA Advancing CA Receding CA Hysteresis
a
 
 
(% w/w) (°) (°) (°) (°) 
PLDA-FLK 0 99.16 ± 0.67 107.40 ± 0.51 81.40 ± 0.56 26.00 ± 0.76 
P-S005 0.5 99.25 ± 0.62 106.43 ± 0.99 83.40 ± 0.47 23.03 ± 1.09 
P-S01 1 98.05 ± 0.54 105.82 ± 0.78 81.91 ± 0.55 24.81 ± 0.96 
P-S02 2 98.07 ± 0.78 104.60 ± 0.39 81.29 ± 0.22 23.31 ± 0.45 
P-S04 4 97.37 ± 0.83 103.68 ± 0.45 81.39 ± 0.87 22.29 ± 0.98 
P-S06 6 96.21 ± 0.63 102.72 ± 0.34 79.81 ± 0.23 23.11 ± 0.41 
P-S08 8 96.03 ± 0.24 101.67 ± 0.84 79.15 ± 0.78 22.52 ± 0.14 
P-S10 10 98.10 ± 0.70 - - - 
P-S20 20 74.65 ± 0.68 - - - 
P-S40 40 70.23 ± 0.81 - - - 
P-S80 80 64.19 ± 1.18 - - - 
a
 : std.dev. = [(advCA)
2
 + (recCA)
2
]
½
 
 
Table 16. Contact angles of water droplets on glass surfaces coated by solution casting. 
Errors are reported as standard deviations. 
Product SiO2/polymer Static CA Advancing CA Receding CA Hysteresis
a
 
 
(% w/w) (°) (°) (°) (°) 
PLDA-FLK 0 90.55 ± 0.64 93.67 ± 0.40 75.66 ± 0.49 18.00 ± 0.64 
P-S01 1 93.22 ± 0.69 103.50 ± 0.46 81.22 ± 0.57 22.27 ± 0.74 
P-S05 5 99.48 ± 0.90 104.07 ± 1.07 81.69 ± 0.89 22.38 ± 1.39 
P-S10 10 103.26 ± 1.02 107.41 ± 0.91 85.38 ± 0.86 22.03 ± 1.25 
P-S20 20 107.57 ± 1.03 113.61 ± 0.54 93.55 ± 0.20 20.06 ± 0.57 
P-S40 40 125.67 ± 1.09 131.54 ± 0.95 111.72 ± 0.81 19.82 ± 1.24 
P-S60 60 130.13 ± 1.24 136.65 ± 1.87 115.69 ± 1.85 20.97 ± 2.63 
P-S80 80 134.49 ± 1.37 143.17 ± 2.53 120.14 ± 1.59 23.02 ± 2.98 
a
 : std.dev. = [(advCA)
2
 + (recCA)
2
]
½
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SEM and AFM 
In order to better understand the structure of the SiO2 containing coatings at micro 
and nanoscale, SEM and AFM analysis were carried out. Figure 39 shows SEM and 
AFM 2D topography images of glass surfaces coated with products. Insets with 
corresponding water droplets images and static CAs are also reported for clarity. The 
surface coated with PLDA-FLK-PLDA was basically plain with no particular variation in 
morphology as evidenced by SEM and AFM. The hydrophobicity of the substrate in this 
case may be attributed to a chemical effect derived from polymer composition (a 
polyester resin possessing segments with multiple C-F bonds), as it is common for thin 
perfluorinated polymer films [210-212]. Perfluorinated segments of the polymer tend to 
be disposed on the external surface in contact with air and are most likely the cause of the 
high hydrophobicity of the coating [156]. 
The SiO2 particles of nanocomposite coatings were clearly visible on the surface 
and caused morphological changes of substrate. In the P-S20 coating particles exhibited 
the tendency to form aggregates with dimensions varying from 80 to 300 nm and an 
average size of 120 nm. In the P-S80 coating the surface is practically uniformly covered 
with particles and larger agglomerates are visible. These agglomerates coexisted with 
smaller ones and caused a drastic change in morphology. Regarding the aggregates it is 
possible to see that they were originated from single OX50 particles as they were still 
visible in the AFM and SEM topographical images. Although organized in aggregates, in 
both cases the particles appear to be uniformly distributed along the surface, suggesting 
that the film formation process through solvent evaporation took place uniformly on the 
glass surface.  
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Figure 39. SEM and AFM 2D images of product films casted on glass support. 
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Figure 40. AFM 3D images and roughness size distribution for products under study 
casted on glass support. 
 176 
The different morphology of the coating surfaces induced by the presence of SiO2 
were clearly seen with 3D AFM images and roughness profiles presented in Figure 40. 
Profiles are reported with the same topographic scale to better highlight the differences 
between various samples. Polymer coating, as expected, had a very low surface 
roughness (< 1 nm), while coatings with 20 % and 80 % of SiO2 content showed higher 
RMS roughness, respectively of 12.21 nm and 21.92 nm. Larger distributions were also 
observed for P-S80 with respect to P-S20, denoting higher heterogeneity, but the 
distributions were both centered around 50 nm, a value very close to 40 nm of the starting 
OX50 average particle sizes. This result demonstrate that the major contribution to 
surface roughness is determined by the presence of single OX50 particles located on the 
interface between the polymer and air and they are present on the spaces between larger 
agglomerates.  
Roughness depth increased from 3.72 nm for PLDA-FLK-PLDA coating to 72.59 
nm for P-S20 up to 161.29 nm for P-S80. This increment was easily visible observing the 
values of peak altitude on the Z axis in the 3D topography images. The high surface 
hysteresis obtained may be the consequence of the differences between peak high and 
groove depth. Water droplets are able to penetrate to some extent in the pitches so they 
stick on the surface and do not roll off when the surface is tilted. 
 
Application to stone surfaces 
The procedure for marble coating was exactly the same used for glass coating and 
described in the experimental section. However in this case an amount of 40 mg of 
product was applied by solution casting on each sample to ensure that the surface was 
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completely covered and a sufficient film thickness was obtained. Recovery after 
application was always close to 100 % with very low or without loss of product. 
 
FT-IR 
FT-IR spectra of the products after application on marble specimens are reported 
in Figure 41. The characteristic signals of the polymer and SiO2 component previously 
reported  can be recognized. In addition specific signals relative to marble support were 
present at 1385, 877 and 713 cm
-1
. No other signals were visible indicating that an 
interfacial coating was formed without any side reaction. Furthermore water was not 
absorbed by SiO2 particles. This is an important issue for a protective material since 
water is essentially the main cause of stone degradation because it is the medium 
involved in several degradation processes [2], as reported in Chapter 1. 
 
Contact angle 
Contact angle (CA) measurments on treated marble surfaces were carried out and 
the results are reported in Figure 42 and in Table 17. Untreated marble surface showed a 
static CA with a medium value of 54° and great variability, depending on the spot of 
measurement. All treatments were able to induce hydrophobicity of the surface and less 
variable CAs were measured due to the reduced heterogeneity (discussed in the following 
paragraph). The same coating formulations on marble and glass treatments were prepared 
so a direct comparison between the results can be made (Figure 38). A very similar trend 
of increasing CAs was established with comparable values on marble and glass. The 
maximum static CA of 137.5° obtained on marble using P-S80 was slightly higher than 
134.5° obtained on glass. Surface hysteresis was again almost constant for all treatments 
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with a medium value of 22.9 ± 2.5°. The very good agreement between glass and marble 
results suggests that the hydrophobic behavior is mainly due to the coating itself and it is 
independent on the type of support; the same behavior was already observed for others 
polymer/SiO2 thin films with high SiO2 content [199]. 
 
Table 17. Contact angles of water droplets on marble surfaces coated by solution casting. 
Errors are reported as standard deviations. 
Product SiO2/polymer Static CA Advancing CA Receding CA Hysteresis
a
 
 
(% w/w) (°) (°) (°) (°) 
MARBLE - 54.26 ± 10.02 - - - 
PLDA-FLK 0 90.88 ± 0.64 93.77 ± 0.41 73.76 ± 0.51 20.01 ± 0.65 
P-S01 0.05 94.23 ± 0.69 102.63 ± 0.58 79.29 ± 0.56 23.34 ± 0.80 
P-S05 1 97.62 ± 1.38 104.66 ± 0.79 81.29 ± 0.95 23.39 ± 1.24 
P-S10 2 102.70 ± 1.66 108.40 ± 1.00 84.20 ± 0.78 24.21 ± 1.27 
P-S20 4 106.56 ± 1.22 113.81 ± 0.99 91.04 ± 1.30 22.77 ± 1.62 
P-S40 6 127.58 ± 1.50 134.94 ± 0.82 114.41 ± 0.92 20.53 ± 1.23 
P-S60 8 131.08 ± 1.62 138.26 ± 1.59 115.29 ± 1.12 22.97 ± 1.94 
P-S80 10 137.48 ± 0.87 145.28 ± 2.68 119.31 ± 2.26 25.97 ± 3.51 
a
 : std.dev. = [(advCA)
2
 + (recCA)
2
]
½
 
 
SEM and AFM 
In Figure 43 and Figure 44 SEM and AFM 2D/3D topography images of marble 
surfaces are reported, as well as the corresponding roughness profiles and CAs of water 
droplets. The untreated marble sample presented a surface with a random distribution of 
calcite crystals and grains of irregular shape giving a characteristic roughness profile. The 
static CA was low in spite of  the low porosity of the substrate because calcite is basically 
a hydrophilic material. Coating with PLDA-FLK-PLDA greatly reduced surface 
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roughness and heterogeneity because the polymer was able to fill the natural grooves 
present in the stone. This fact is evident from SEM, AFM images and corresponding 
roughness profile (Figure 44) that are all in good agreement. The hydrophobic static CA 
of 91° for this surface is a consequence of lowering the free energy due to the fluorinated 
coating. 
 
 
Figure 41. FT-IR spectra of PLDA-FLK-PLDA/SiO2 nanocomposites with different SiO2 
content applied on the surface of marble. 
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Figure 42. Static and dynamic contact angles for marble surfaces treated with PLDA-
FLK-PLDA/SiO2 with different SiO2 content (bars representing standard 
deviations). 
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Figure 43. SEM and AFM 2D images of untreated and coated marble samples. 
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Figure 44. AFM 3D images and roughness size distribution for untreated marble and 
products under study casted on marble support. 
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Specific tests for conservation materials 
In order to complete the evaluation of the treatments, specific tests for 
conservation materials were carried out. The results of capillary water absorption, vapor 
permeability and color change of treated and untreated surfaces are reported in Table 18. 
Protective efficacy (E%) confirmed the hydrophobicity of the treatments and are in 
agreement with data previously discussed [150, 156]. The amount of water absorbed was 
further decreased for the nanocomposite coatings with respect of pure polymer coating, 
hence higher E% was obtained. This data confirmed the higher hydrophobicity of the 
coatings. 
Water vapor permeability was evaluated as described in Chapter 3. The decrease 
of vapor permeability for samples treated with nanocomposite coatings was practically 
the same than samples treated with pure polymers (about 50-58% of the original value). 
This suggests that the presence of nanoparticles does not play a relevant role in the flow 
of vapor through the pores of the matrix. 
Color changes of the treated surfaces were all limited with ∆E* < 3, that is a value 
usually considered acceptable for a stone treatment because it is not perceptible to human 
eye. The main contribution to ∆E* was due to an increase in lightness. Probably the 
nanoparticles dispersed in the coating caused an increase of the light diffusion 
phenomena, thus leading to a slightly more lucent color. 
 
Reversibility test 
As a final test the reversibility of the treatment was evaluated through a 
specifically designed experiment. Samples treated with PLDA-FLK-PLDA, P-S20 and P-
80 were immersed up until half of their height in a chloroform solution for 15 min to 
allow the removal of the coatings by dissolution. After solvent evaporation the sample 
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surface was analyzed by AFM and SEM microscopy. In all three cases the analysis 
confirmed the complete removal of the coating because the surfaces observed by 
microscopy were practically undistinguishable from that of untreated marble. EDX 
analysis was particularly efficient for this task: the spectra of the coated surfaces (Figure 
45 left side) showed the presence of Si and F and the expected C/O ratio for each coating; 
after the treatment performed with solvent (Figure 45 right side) the signals relative to Si 
and F disappeared and the elemental composition evidenced only the presence of marble 
(calcite). A higher residual roughness was detected for P-S20 and P-S80 and it may be 
due to a low amount of SiO2 particle remaining on the surfaces, although it was not 
detected by elemental analysis. 
 
 
Table 18. Protective efficacy (E%), water vapor permeability and color change (∆E*) of 
marble samples treated with the products. 
Product E%
a
 Vapor permeability ∆E* 
  
(10
-6
 m
2
·s
-1
)  
Marble - 5.20 ± 0.15 - 
PLDA-FLK-PLDA 87 2.52 ± 0.08 2.20 
P-S20 90 2.22 ± 0.11 2.35 
P-S80 98 2.16 ± 0.13 2.41 
a
 : E% = (E0-E1)•100/E0      (E0 and E1: amounts of water absorbed 
before  and after treatment) 
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Figure 45. SEM micrographs of marble surfaces employed in the reversibility test. AFM 
and EDX measurements before (left) and after (right) coating removal test 
on the  surfaces. 
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CONCLUSIONS 
A simple and low cost process was developed to synthetize PLDA-FLK-
PLDA/SiO2 hybrid nanocomposite coatings and their direct application on the surface of 
building stones. The coating was obtained by mixing PLDA-FLK-PLDA polymer with 
SiO2 nanoparticles in an organic solution. After casting of the solution on marble surface 
and solvent evaporation a coarse coating of perfluorinated polymer containing silica 
particles is realized. For comparison purposes analogues coatings were synthetized by 
dip-coating technique. These last coatings did not have hydrophobic properties 
comparable with the ones obtained with solution casting. The different behavior may be 
attributed to the very low thickness of dip-coated films that were unable to form a stable 
and overall hydrophobic coatings. 
The texture of  nanocomposites showed that addition of SiO2 nanoparticles is a 
key factor to improve hydrophobic properties of marble or glass treated surfaces. SiO2 
particles increased the surface average height and roughness and the fluorinated organic 
component reduced the surface free energy. Regarding the role of the polymer matrix, it 
acted as a coating for SiO2 nanoparticles that became hydrophobic. These two effects 
resulted in high static contact angle (up to 137°) and high hysteresis (22°). The 
substantial equivalence between hydrophobic properties of treated glass and marble 
specimens implies that the behavior was only due to the coating itself and the substrate 
played only a limited role. This suggest that hydrophobic performances could be 
efficiently reproduced on other substrates. 
Finally, it was demonstrated that PLDA-FLK-PLDA nanocomposites coating 
applied on a building stone are reversible. The products did not penetrate in the bulk of 
the substrate, but formed a superficial coating that was easily removed with a simple 
solvent treatment. The possible advantages of these products are: (1) high contact angle 
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and high hysteresis surfaces, (2) reversible treatment, (3) simple and low cost process and 
(4) use of a polymer obtained from renewable resources. 
 
EXPERIMENTAL SECTION 
Materials. Synthesis and characterization of PLDA-FLK-PLDA, poly(PMGLY), 
poly(PMGLY)-F, poly(SALD) and poly(SALD)-F were reported in Chapter 2. PLLA-
FLK-PLLA and PLA-F were synthetized as reported in previous papers [150, 156]. 
Aerosil OX50, purchased from Evonik, was a hydrophilic fumed silica with an average 
particle diameter of 40 nm. 
Instruments and methods. Textural characterization was carried out by N2 
physisorption at 77 K, using an Autosorb IQ from Quantachrome. FT-IR spectra of the 
products were recorded on powder using a FTIR-8400S from Shimadzu (4 cm
−1
 
resolution) in the region from 4000 to 650 cm
−1
. Measures were carried out in attenuated 
total reflection (ATR) mode. Water contact angle determinations (sessile drop method) 
were carried out using a commercial video-based, software-controlled contact angle 
analyzer, model OCA 15plus, from Dataphysics Instruments. Static contact angle values 
were determined on the stone surface according to the following procedure: for each 
treatment, droplets of distilled water (8 µl) were applied with a syringe on 5 different 
points of 3 stone surfaces. The advancing and receding contact angles were measured 
using the ARCA method, with the volume of the droplet being increased/decreased by 5 
µl. More details about this procedure are given in a previous paper [213]. Water 
absorption test by capillarity was based on the UNI EN 15801/2010 protocol. The treated 
surface of each stone samples was kept in contact for 24 h with filter paper pads soaked 
with distilled water. Water vapor permeability was performed on 4x4x1 cm stone 
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specimens using an automatic setup developed in the laboratory based on the standard 
cup test. Details on the procedure are reported in a previous paper [171]. Color changes 
of stone surfaces induced by treatments were evaluated using a total color difference 
(ΔE*) using a solid reflection spectrophotometer, Colorflex model, from Hunterlab. The 
conditions used were: illuminant C and observer CIE10⁰. CIEL*a*b* color space 
parameters were measured and variations in color before and after treatments were 
evaluated. 
Microscopic analysis. Transmission Electron Microscopy analysis was 
performed with a JEOL 2010F TEM/STEM microscope, operating at 200 kV with 0.19 
nm spatial resolution, equipped with a JEOL high angle annular dark field (HAADF) 
detector and an Oxford X-Max Silicon Drift X-Ray Energy Dispersive Spectroscopy 
(EDX) detector. Samples were prepared by casting a small amount of the solutions 
directly onto Lacey-Carbon coated Cu grids. Scanning Electron Microscopy (SEM) 
analysis was performed with a FEG SEM microscope model Sirion from FEI Company, 
with a structural resolution of 1.5 nm was employed. Images were captured using a 
secondary electron detector at a voltage of 10 kV. Pure coatings, applied on polished 
metallic sample holders, and treated stone samples were coated with a thin conducting 
layer of gold as a preliminary phase to the visualization. Atomic Force Microscopy 
(AFM) was carried out with an AM-AFM instrument from Nanotec Electrónica S.L., 
operating in tapping mode. The root mean square (RMS) roughness values were 
calculated from 5 µm x 5 µm images. 
Nanocomposites synthesis. Fluorinated polymer/SiO2 nanocomposites were 
prepared by mixing PLDA-FLK-PLDA copolymer with colloidal SiO2 particles under 
magnetic stirring. Pure uncoated nanocomposite were obtained through the following 
procedure: (1) 1 g of PLDA-FLK-PLDA was dissolved in 10 mL of CHCl3 (100 mg/mL), 
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(2) an amount between 10 and 800 mg of OX50 was added to the solution under 
magnetic stirring, (3) the solution was kept under ultrasonic agitation for 5 minutes to 
disrupt nanoparticle aggregates and (4) the solution was casted on a Petri dish, then (5) 
treated surface was obtained after solvent evaporation and the dried material was 
collected with the aid of a spatula. 
Coating preparation. Solutions of products were prepared as follows: (1) about 
100 mg of PLDA-FLK-PLDA were dissolved in 5 mL of chloroform, (2) an amount 
between 1 and 80 mg of OX50 was added to the solution under magnetic stirring and (3) 
the solution were kept under ultrasonic agitation for 5 minutes to disrupt nanoparticle 
aggregates. The solutions were applied on glass slides by solution casting and the solvent 
evaporated in a fume cupboard under laboratory conditions (20° C, R.H. 60%), obtaining 
nanocomposite coating films. Coatings of the materials were also obtained by deposition 
of approximately 1 g of nanocomposite material on glass Petri dishes with a diameter of 
85 mm. Dishes were covered and kept under laboratory conditions. 
Application on stone surface. Products were applied onto a common building 
stone. Samples of  marble composed of pure calcite with a porosity of  2.6 % having 
dimension of 5x5x2 cm was used as selected stone. Prior to application stone samples 
were washed with water, dried in an oven at 60 °C and stored in a dryer until constant 
weight. 20 mg/mL solutions of the products were prepared as reported above, then 
coatings were applied by casting 2 mL of the solutions on one of the larger surface of 
samples using a pipette in order to ensure that all the prepared solution would be casted 
on the stone surface. The stone samples were then dried under laboratory conditions until 
constant weight was reached and dry weight was calculated. Reported results correspond 
to average values obtained from three stone samples.  
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Reversibility test. Sample were placed in a beaker filled with chloroform up to 
the half of the upper surface of the sample. Changes in stone surface morphology 
generated by eventual elimination of the coating were analyzed by SEM working in low-
vacuum mode, and energy dispersive X-ray spectroscopy (EDX) were recorded in order 
to elucidate variations of surface composition after tests. In addition, water contact angle 
and AFM measurements were performed. 
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Chapter 5: Conclusions 
In this work a new class of synthetic polymers derived from polylalctic acid has 
been developed and tested as protective materials for stone surfaces. By copolymerization 
of substituted glycolides and lactones, such as lactide, mandelide and salicylide, 
copolymers with tailor made properties were prepared. The synthesis of lactic 
acid/mandelic acid and lactic acid/salicylic acid copolymers with various compositions 
was carried out, obtaining functionalized phenyl groups containing PLA. These phenyl 
groups were present as lateral chains (mandelic acid) or incorporated in the polymer 
backbone (salicylic acid). Synthetic route was followed through a “functional monomer” 
approach, implying a preliminary step for the synthesis of functionalized ROP 
monomers. The monomers were: mandelide (MD), phenylmethylglycolide (PMGLY), 
disalicylide (SA) and salicyl-lactide (SALD). The ROP was run in the presence of a 
catalyst and sometimes of a fluorinated initiator. Three types of products were 
synthetized: (1) unfluorinated copolymers, (2) chain-end fluorinated copolymers with 
perfluoro-octanol (PFoct) and (3) block copolymers with Fluorolink D-10H (FLK). 
All copolymers were amorphous materials and presented an increased Tg and 
thermal resistance with respect to PLA. A high and controlled Tg, far from ambient 
temperature, is particularly important for a polymer coating, so it never stays in the 
sticky-rubbery state and is less affected by temperature variations during outdoor 
exposition. The products were applied on marble surfaces and their performances and 
stability to photo-oxidative weathering were tested. Poly(PMGLY) and poly(SALD) 
copolymers quickly lost their performance due to degradation of the polymers chains, 
mainly through depolymerization and chain scission mechanisms. Chain-end fluorinated 
copolymers, poly(PMGLY)-F and poly(SALD)-F, and FLK copolymers, PMGLY-FLK-
 192 
PMGLY and SALD-FLK-SALD, showed better protective performances and better 
stability than unfluorinated copolymers because they retain most of the hydrophobic 
properties at the end of the ageing cycle. 
The main advantages of PLA based protective materials with respect to traditional 
coatings (e.g. acrylics) are: (1) good solubility in common organic solvents with low 
toxicity (acetone, 2-butanone, THF), (2) flexible and controlled synthetic conditions 
leading to narrow polydispersity and readily functionalization obtaining chain ends or 
block copolymers, (3) negligible color variations of the marble substrate after application, 
(4) good photo-oxidative stability with conservation of protective properties, (5) excellent 
solubility after the ageing process, excluding crosslinking processes and (6) availability 
of starting materials from natural sources.  
New features in the field of conservation treatments were introduced by 
development of lactic acid/mandelic acid and lactic acid/salicylic acid copolymers: (1) 
amorphous, high Tg copolymers, with improved thermal resistance, (2) UV barrier 
properties for further protection of the substrate, (3) substantially tunable properties 
(molecular weight, thermal properties) through the degree of copolymerization and (4) 
development of polymers for protection and conservation of building surface with special 
attention to those involved in Cultural Heritage. 
A further improvement of these goals was realized through the synthesis of 
polylactic acid/silica nanocomposite coatings for the protection of building stones. The 
most appropriate polymer matrix was chosen among the products synthetized on the basis 
of their hydrophobic properties through water contact angle measurement. A simple and 
low cost process was developed to synthetize PLDA-FLK-PLDA/SiO2 hybrid 
nanocomposite coatings and their direct application on the surface of building stones. The 
coating was obtained by mixing PLDA-FLK-PLDA polymer with SiO2 nanoparticles in 
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an organic solution. The solution was casted on marble surface and after solvent 
evaporation a coarse coating of perfluorinated polymer containing silica particles was 
realized. For comparison purposes coatings with the same products were obtained by dip-
coating technique. These last coatings did not have hydrophobic properties comparable 
with the ones obtained with solution casting. The different behavior was attributed to the 
very low thickness of dip-coated films that were unable to form a stable and overall 
hydrophobic coating. 
The texture of nanocomposites was investigated by microscopic analysis (SEM, 
HAADF-STEM). SiO2 particles were uniformly distributed in the polymer matrix and 
increased the surface average height and roughness, while the fluorinated organic 
component reduced the surface free energy. Regarding the role of the polymer matrix, it 
acted as a coating for SiO2 nanoparticles that became hydrophobic. These two effects 
resulted in high static contact angle (up to 137°) and high hysteresis (22°). The 
substantial equivalence between hydrophobic properties of treated glass and marble 
specimens implies that the behavior was only due to the coating itself and the substrate 
played only a limited role. These results suggest that hydrophobic performances could be 
efficiently reproduced on other substrates. 
Finally, it was demonstrated that PLDA-FLK-PLDA nanocomposites coating 
applied on a building stone are reversible. The products did not penetrate in the bulk of 
the substrate, but formed a superficial coating that was easily removed with a simple 
solvent treatment, as confirmed by AFM, SEM and EDX measurements on the surface 
after coating removal. 
The possible advantages of these nanocomposite products are: (1) high contact 
angle and high hysteresis surfaces, (2) reversible treatment, (3) simple and low cost 
process and (4) use of a polymer obtained from renewable resources.  
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Appendix 1. 
1
H-NMR spectra of 3,6-diphenyl-1,4-dioxane-2,5-dione (MD). 
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Appendix 2. 
13
C-NMR spectra of 3,6-diphenyl-1,4-dioxane-2,5-dione (MD). 
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Appendix 3. 
1
H-NMR of dibenzo-1,5-dioxocin-6,12-dione (SA). 
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Appendix 4. 
1
H-NMR of (3S)-6-methyl-3-phenyl-1,4-dioxan-2,5-dione (PMGLY). 
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Appendix 5. 
13
C-NMR of (3S)-6-methyl-3-phenyl-1,4-dioxan-2,5-dione (PMGLY). 
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Appendix 6. 
1
H-NMR of 2-((2-bromopropanoyl)oxy)-2-phenylacetic acid. 
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Appendix 7. 
1
H-NMR of 1,4-benzodioxepin-3-methyl-2,5-dione (SALD). 
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Appendix 8. 
13
C-NMR of 1,4-benzodioxepin-3-methyl-2,5-dione (SALD). 
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Appendix 9. 
1
H-NMR of 2-((2-bromopropanoyl)oxy)benzoic acid. 
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Appendix 10. 
1
H-NMR of 2-hydroxy-2-phenylacetic acid (mandelic acid). 
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Appendix 11. 
1
H-NMR of 2-hydroxybenzoic acid (salicylic acid). 
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Appendix 12. 
1
H-NMR of 2-bromopropionyl bromide. 
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Appendix 13. 
1
H-NMR of 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-1-octanol (PFoct). 
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Appendix 14. 
13
C-NMR of 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-1-octanol (PFoct). 
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Appendix 15. 
19
F-NMR of 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-1-octanol (PFoct). 
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Appendix 16. 
19
F-NMR of Fluorolink D10-H (FLK). 
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Appendix 17. 
1
H-NMR of poly(PMGLY) after 500 h of artificial ageing. 
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Appendix 18. 
1
H-NMR of poly(PMGLY) after 750 h of artificial ageing. 
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Appendix 19. 
1
H-NMR of poly(PMGLY) after 1000 h of artificial ageing. 
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